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I.  INTRODUCTION 

Numerous  investigations'^  have  been  made  to  determine  the 
relation  between  luminous  sensation,  "light,"  and  radiant  energy; 
that  is  to  say,  the  relative  visibility  of  radiation  in  different  parts 
of  the  spectrum. 

The  difficulties  encountered  in  such  an  investigation  are  due  to  the 
fact  that  the  relative  brightness  varies  not  only  for  different  colors 
but  also  for  changes  in  size  and  brightness  of  the  illuminated  field. 
It  is  therefore  necessary  to  work  under  specified  conditions.  Hav- 
ing decided  upon  these  conditions,  a  further  difficulty  encountered 
is  the  radiometric  evaluation  of  the  light  stimulus. 

Some  of  the  disagreements  in  previous  investigations  seem  to  be 
due,  in  part,  to  imcertainties  in  the  radiometric  measurements. 
The  present  investigation,  therefore,  was  imdertaken  in  view  of 
this  Bureau's  complete  equipment  for  evaluating  light  stimuli 
radiometrically  and  in  view  of  the  large  staff  of  trained  investi- 
gators available  for  cooperation  in  the  work.  This  investigation 
is  somewhat  statistical,  the  aim  being  to  obtain  extensive  data 
on  the  relative  sensibility  of  the  eye  to  light  of  different  colors, 
but  a  complete  study  of  color  perception  is  not  attempted. 

The  method  of  comparing  the  light  stimuli  is  photometric.  The 
application  of  the  results  obtained  is  photometric  and  radiometric ; 
as,  for  example,  in  applying  corrections  to  spectrophotometric 
measurements  made  on  narrow  spectral  bands,  in  designing  lenses, 
and  in  the  determination  of  the  factor  for  converting  visual  sen- 
sation into  luminous  power,  i.  e.,  the  mechanical  equivalent  of 
light. 

II.  METHODS  FOR  DETERMINING  THE  VISIBILITY  OF 

RADIATION 

Various  methods  are  available  for  determining  the  visibility  of 
light  in  different  parts  of  the  spectrum;  that  is,  the  relative  sen- 
sibility of  the  eye  to  light  of  different  wave  lengths. 

1.  THRESHOLD  OF  VISION 

This  method  has  been  used  by  Ebert,^  by  Konig  and  Dieterici,^ 
and  by  Pfliiger,*  who  determined  the  minimum  amounts  of  energy 
required  to  produce  a  luminous  sensation  in  different  parts  of  the 
spectrum.     Pfliiger  used  a  Nemst  glower  as  a  source  of  light  and 

o  Throughout  this  paper  the  reference  numbers  occurring  in  text  refer  to  the  bibhography  at  the  end 
of  the  paper.  It  is  therefore  necessary  to  use  letters  for  footnote  references,  the  notes  to  which  appear  in 
the  text  proper. 
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measured  the  energy  at  the  slit  by  means  of  a  thermopile.  He 
examined  a  dozen  subjects,  but  the  data  are  very  irregular  and, 
owing  to  the  low  intensities  required,  they  are  of  but  little  use  in 
practice. 

This  m^ethod  of  determining  the  relative  sensibility  of  the  eye 
for  spectral  colors  shows  that  at  very  low  intensities  the  maximum 
sensibility  lies  at  0.49  to  0.53  /x. 

2.  VISUAL  ACUITY 

By  this  method  of  comparison  the  visibility  is  defined  by  the 
amount  of  light,  independent  of  color,  which  is  necessary  to  enable 
the  eye  to  distinguish  objects,  such  as,  for  example,  fine  print. 
The  most  noteworthy  investigation  by  this  method  was  made  by 
Langley,®  v/ho  determined  with  a  bolometer  the  energy  required 
to  distinguish  fine  print  which  was  illuminated  by  light  from 
various  parts  of  the  spectrum.  Recently  Bender^  has  used  the 
method  in  comparison  with  the  flicker  method,  to  be  mentioned 
presently. 

3,  CRITICAL  FREQUENCY 

This  method  has  also  been  termed  ''the  persistence  of  vision." 
It  has  been  used  by  Allen  ^^  and  others  in  studying  the  response 
of  the  eye  of  subjects  having  normal  vision  and  also  of  subjects 
who  are  color  blind.  In  this  method  a  sectored  disk  is  rotated 
in  the  spectrum  at  such  a,  speed  that  no  flicker  is  perceived,  the 
velocity  of  rotation  giving  a  measure  of  the  duration  of  the  images 
of  the  light  upon  the  retina.  The  method  is  based  upon  the  prin- 
ciple that  for  the  disappearance  of  flicker  different  speeds  are 
required  for  different  colors.  The  results  obtained  by  Allen  will 
be  discussed  in  their  proper  place  in  this  paper.  It  will  suffice  to 
add  that  the  writers  of  the  present  paper  tried  the  method  and 
found  their  results  in  agreement  with  those  obtained  with  the 
methods  used  in  their  work.  This  method  and  the  following  ones 
have  been  thoroughly  investigated  by  Ives  ^^  in  his  search  for  the 
best  methods  available  for  the  photometry  of  lights  differing  in 
color. 

4.  EQUALITY  OF  BRIGHTNESS 

In  this  method  two  differently  colored  lights  illuminate  the  two 
parts  of  a  photometric  field,  and  they  are  said  to  produce  the  same 
illumination  when  they  give  a  sensation  of  equal  brightness.  The 
difficulty  with  the  method  Hes  in  the  inability  of  most  observers 
to  form  a  judgment  concerning  equality  of  brightness  which  is 
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not  influenced  by  dift'erences  in  color.  Among  others  the  method 
has  been  used  by  Konig,^  Ives/*^  and  Houstoun.^^  The  latter  hsd 
52  observers.  The  field  illumination  was  low.  For  an  illumina- 
tion of  one-half  meter  candle  the  wave  length  of  maximum  visi- 
bility was  at  Xni  =  o.502/x  and  for  one-six-hundredths  meter  candle 
the  maximum  was  at  Xm  =  0.466/x.  Of  the  nine  women  examined 
none  showed  systematic  differences  from  the  men. 

One  difliculty  encountered  in  this  method  is  that  some  observers 
find  it  impossible  to  make  consistent  comparisons  when  large 
color  differences  are  involved.  In  the  case  of  the  obser\''ers  exam- 
ined by  the  present  writers  the  majority  considered  it  guesswork 
that  had  no  meaning.  In  fact,  their  opinions  came  close  to 
Helmholz's  appraisement  of  the  method.  Helmholz  ^^  had  no 
confidence  in  his  judgment  concerning  the  equality  of  brightness 
of  differently  colored  surfaces,  although  he  was  willing  to  admit 
that  of  two  differently  colored  fields  one  can  be  so  much  darkened 
that  there  remains  no  doubt  that  the  other  is  the  brighter.  No 
doubt  most  observers  make  their  settings  subconsciously  in  this 
manner — that  is,  the  observer  sets  one  part  of  the  field  too  bright, 
then  the  other  part  of  the  field  too  bright,  and  finally  a  setting  is 
made  which  is  called  ''equality,"  in  spite  of  a  subconscious  feeling 
that  the  two  halves  of  the  photometric  field  are  not  of  equal 
brightness.  Only  a  few  of  the  subjects  examined  could  distin- 
guish an  inequality  of  brightness  due  to  slight  change  in  intensity 
in  the  two  parts  of  the  photometric  field,  and  even  these  few 
(including  the  writers,  who  made  a  prolonged  test  of  this  phe- 
nomenon) would  at  unexpected  moments  make  very  erratic  set- 
tings in  the  midst  of  a  series  of  closely  agreeing  measurements. 

A  few  observers  were  found  who,  although  they  had  not  had 
previous  experience  in  making  photometric  comparisons,  obtained 
an  exact  coincidence  in  their  visibility  curves  by  this  and  the  follow- 
ing method. 

In  view  of  the  fact  that  the  equality-of -brightness  method  is 
considered  by  some  ^^  to  be  the  only  one  that  will  give  true  results, 
in  the  present  investigation  it  was  decided  to  test  the  equality-of- 
brightness  method  at  a  number  of  points  on  the  spectrum  to 
determine  whether,  among  the  erratic  settings  made  by  various 
obser\^ers,  there  is  a  systematic  deviation  from  the  visibility  curve 
as  obtained  by  the  flicker  photometer. 

From  all  the  work  that  has  been  done  by  Ives,^«  Crittenden,  and 
Richtmyer,-®  Middlekauff  and  Skogland,^®  and  others  the  equality- 
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of-brightness  method  of  photometry  appears  to  be  insensitive 
and  often  lacking  in  consistency.  The  erratic  variations  in  the 
equality-of-brightness  settings  are  so  large  that  no  trustworthy 
data  seem  to  be  at  hand  to  prove  definitely  that  there  is  a  syste- 
matic difference  in  the  results  obtained  by  the  equality-of-bright- 
ness and  the  flicker  photometers. 

5.  THE  FLICKER  PHOTOMETER 

In  the  flicker  photometer  the  two  illuminations  are  viewed 
alternately.  "At  a  certain  speed  of  alternations,"  says  Cobb,^^ 
''the  two  colors  disappear,  giving  place  to  a  uniform  color  with  a 
flicker  superimposed  upon  it.  Then,  when  the  relative  intensities 
of  the  two  illuminations  are  so  altered  that  this  flicker  disappears 
the  two  illuminations  are  by  this  method  equal.  Color  flicker 
has  a  lower  critical  frequency  than  brightness  flicker,  and  on 
reaching  this  frequency  we  get  rid  of  color  difference  and  can 
make  a  comparison  of  brightness." 

In  view  of  the  fact  that  the  visual  sensations  aroused  by  lights 
differing  in  color  rise  to  their  maximum  brightness  at  different 
rates,  the  accuracy  of  this  method  of  photometry  has  been  chal- 
lenged.^^ The  present  writers,  however,  do  not  concern  them- 
selves with  this  phase  of  the  question.  The  flicker  method  is 
quick,  precise,  and  gives  reproducible  results  when  operated  under 
specified  conditions,  as  has  been  shown  by  the  extensive  investiga- 
tions of  Whitman,2i  Tufts,''  Thurmel,'^  Ives,'^  Bender,'^  Nut- 
ting,'^ and  others.  The  flicker  method  has  merits  not  possessed 
by  the  other  methods  just  discussed,  and  the  results  are  definite 
and  consistent  for  all  observers.  It  is,  therefore,  a  practical 
method  for  intercomparison  of  various  observers  and  hence  for  the 
establishment  of  the  sensibility  curve  of  the  average  normal  eye. 
If  it  can  be  shown,  after  a  prolonged  investigation  of  a  small 
group  of  observers  having  normal  color  vision,  that  the  curve  is 
slightly  too  low  in  the  red  (as  the  result  of  underestimation  due  to 
the  fact  that  the  stimulus  has  not  had  sufficient  time  to  arouse  the 
maximum  sensation)  and  too  high  in  the  blue,  then  all  the  data 
given  herewith  can  be  easily  corrected.  The  time  of  the  persons 
who  were  willing  to  have  their  eyes  examined  was  very  valuable, 
and  it  would  not  have  been  fair,  at  this  stage  of  the  knowledge  of 
the  subject,  to  ask  them  to  devote  more  time  to  this  question. 

The  question  of  photometric  methods  should  be  given  further 
study.     However,  from  the  data  presented  herewith  on  130  sub- 
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jects,  whose  sensibility  in  any  part  of  the  spectrum  is  rarely  in 
agreement  as  close  as  i  to  2  per  cent  (which  is  the  error  of  observa- 
tion of  a  single  obser\'er),  it  seems  futile  to  devote  much  time  to 
obtain  a  method  \\^th  which  any  one  observer  can  make  measure- 
ments with  an  accuracy  of  a  small  fraction  of  i  per  cent. 

III.  APPARATUS  AND  METHODS 

The  arrangement  of  the  apparatus  is  illustrated  in  Fig.  i. 
1.  THE  SPECTROMETER  LENSES 

The  spectrometer  was  a  very  substantial  instrument,  with  an 
automatic  attachment  for  maintaining  the  prism  at  minimum 
deviation,  constructed  in  this  Bureau's  instrument  shop.  A 
photographic  illustration  of  it  is  given  in  a  pre\4ous  paper."*^  The 
collimating  lens  is  a  triple  achromat  of  18  cm  focal  length,  by  Zeiss. 
For  the  present  investigation  the  exactly  similar  objective  lens  was 
replaced  by  an  achromatic  doublet,  L,  of  33  cm  focal  length, 
especially  made  in  the  Bureau's  shop  for  this  work.  The  special 
preparation  of  this  lens  consisted  in  giving  it  a  very  fine  polish  in 
order  to  eliminate  stray  light.  The  surfaces  were  quite  free  from 
pit  marks  remaining  from  grinding  with  coarse-grained  enemy,  and 
although  the  polishing  was  not  as  perfect  as  is  possible  the  field  of 
view  was  remarkably  free  from  diffuse  light  as  compared  with  other 
spectrometer  lenses  which  were  tested  for  this  defect.  Using  a 
hand  spectroscope,  an  examination  of  the  light  emerging  from  the 
slit,  /,  as  used  in  this  investigation  gave  no  marked  indications  of 
stray  light  (white  light)  from  adjacent  parts  of  the  spectrum. 
The  test  w^as  applied  in  various  parts  of  the  spectrum,  and  it  was 
concluded  that  no  corrections  were  to  be  made  for  diffuse  light** 
in  \dew  of  the  fact  that  if  it  were  present  in  a  measurable  amount 
it  would  be  included  in  the  direct  radiometric  measurement.  It 
is  to  be  understood,  of  course,  that  this  apparatus,  like  all  others, 
is  not  entirely  free  from  diffuse  light.  Using  intense  light  from  a 
Nemst  glower  placed  close  to  the  slit,  diffuse  light  w^as  detected 
with  a  hand  spectroscope. 

2.  THE  PRISM 

The  prism  was  of  light  flint  glass.  With  the  33  cm  focal  length 
lens  it  produced  a  spectrum  which  was  14  mm  in  length  between 
the  red  and  the  blue-violet  helium  lines  (X  =  0.667^1  and  X  =  0.447^1) . 

a  See  Appendix  i  at  the  end  of  this  paper. 
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The  surfaces  were  given  a  special  polish  to  reduce  diffuse  light. 
The  prism  and  the  collimating  telescope  were  entirely  inclosed  to 
eliminate  extraneous  light.  The  spectrum  (the  •  spectrometer 
circle  Sc)  was  calibrated  by  means  of  the  helium  lines,  the  adjust- 
ments being  maintained  by  means  of  the  yellow  helium  line  from 
a  tube  inserted  temporarily  at  H.  For  making  this  adjustment 
the  eyepiece  E  was  focused  upon  the  slit  /. 

3.  THE  LIGHT  SOURCES 

For  a  standard  source  of  v;hite  light,  T,  Fig.  i,  a  duplicate  set 
8,  1 6,  and  38  candlepower  vacuum  tungsten  lamps  was  provided. 
These  lamps  were  carefully  seasoned  and  standardized  by  Mr. 
Mulligan,  of  the  photometric  division.  They  were  operated  at 
1.2  watts  per  candle,  which  specifies  their  color.  For  most  of  the 
work  the  8 -candlepower  lamps  were  used,  and  the  constancy  of 
their  light  was  frequently  tested  by  intercomparing  them  in  this 
apparatus,  using  some  part  of  the  spectrum  of  the  acetylene  fiame 
as  a  standard  of  comparison.  It  is,  understood,  of  course,  that  it 
is  important  to  operate  the  lamp  at  a  constant  current  while 
obtaining  a  visibility  cur\^e,  but  a  change  in  candlepower  by  aging 
of  the  lamp  is  of  minor  im^portance.  This  lamp  was  operated 
from  a  storage  batter}^,  the  current  being  easily  maintained  con- 
stant by  means  of  a  milliammeter  (the  scale  of  which  was  read  by 
means  of  .a  low-power  lens).  A  change  of  current  of  o.ooi  ampere 
would  affect  the  readings  by  i  to  2  per  cent,  which  is  better  than 
the  individual  settings  of  the  average  obser\^er.  By  sliding  the 
lamp  T  along  its  support,  the  illumination  could  be  varied  from 
15  to  800  meter  candles. 

As  a  standard  source  of  spectral  light  a  cylindrical  acetylene 
flame,  A,  was  used.  The  intensity  of  the  light  emitted  is  quite 
constant.  On  several  occasions  it  was  fovmd  that  the  flame  burned 
at  a  somewhat  lower  (but  constant)  intensity  although  the  gas 
pressure  remained  the  same,  but  the  cause  of  this  could  not  be 
determined.     This,  however,  did  not  affect  the  results." 

The  acetylene  flame  was  used  as  a  standard  of  spectral  radiation 
because  of  its  high  intensity  and  because  its  spectral-energy  dis- 
tribution ^^  is  well  known  and  easily  maintained  constant  within 
the  limits  of  errors  in  the  visual  measurements.     A  tungsten  lamp 

a  The  acetylene  -was  used  as  it  came  from  the  generator.  v.-ithout  further  purification.  Rands  (Phys. 
Rev.,  XIV)  has  shown  that  ordinary  acetylene  is  99  per  cent  pure.  Acetylene  might  contain  a  small 
amount  of  H^.  but  spectroradiometric  investigations  (Coblentz.  Investigation  Infra-red  Spectra,  Publi- 
cation No.  35,  p.  44,  Carnegie  Institute,  Washington,  1905),  do  not  show  impurities. 
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might  have  been  used,  but  its  energy  distribution  would  be  diffi- 
cult to  determine  and  the  lamp  would  require  frequent  standard- 
ization. 

4.  THE  ENERGY  MEASUREMENTS 

The  visual  measurements  are  not  sufficiently  refined  to  warrant 
undertaking  the  long  and  difficult  task  of  determining  directly  the 
energy  value  of  the  light  stimulus  in  different  parts  of  the  spec- 
trum. In  fact,  in  the  yellow-green,  where  but  -little  energy  is 
required  to  excite  a  luminous  sensation,  it  would  be  quite  impos- 
sible to  measure  this  energy  accurately  with  a  radiometer.  To 
avoid  this  difficulty,  the  usual  procedure  is  to  measure  radiomet- 
rically  the  energy  in  an  intense  source  and  reduce  it  (by  a  known 
amount)  by  absorption  screens,  Nicol  prisms,  etc.,  to  the  inten- 
sity utilized  in  the  visual  observations.^^ 

In  the  present  investigation  the  distribution  of  energy  in  the 
spectrum  of  the  acetylene  flame  ^^  was  determined  in  the  usual 
way  by  placing  the  flame  at  S,  Fig.  i ,  and  exploring  the  complete 
visible  spectrum  with  a  thermopile  placed  in  the  illuminator 
attachment  /,  as  described  elsewhere.^^  This  gives  the  prismatic- 
energy  distribution,  and  hence  the  energy  of  the  stimulus  as  applied 
to  the  eye.  Proper  corrections  (which  are  small)  of  course  must 
be  applied  for  losses  by  reflection  from  the  Nicol  prisms  and  the 
lens  when  the  acetylene  flame  is  placed  at  A ,  as  used  in  the  visual 
observations.  When  the  flame  is  placed  at  A  and  the  Nicol 
prisms  N  and  condensing  lens  C  are  in  place,  the  light  is  reduced 
by  one-half,  so  that  accurate  energy  measurements  could  be  made 
only  in  the  longer  wave  lengths  beyond  0.6/i.  The  results  ob- 
tained, however,  were  in  agreement  with  those  obtained  with  the 
flame  ^  at  S. 

The  energy  distribution  was  redetermined  after  a  month  of 
visual  observations  and  found  in  exact  agreement  with  the  earlier 
measurements.^  The  candlepower  of  the  flame  changes  with 
pressure,  which  is  easily  kept  constant;  but,  as  shown  in  a  more 
complete  paper  ^^  on  this  subject,  this  does  not  affect  by  an  appre- 
ciable amount  the  relative  energy  distribution  in  the  spectrum. 

In  any  part  of  the  spectrum  the  energy  arriving  at  /  is  deter- 
mined by  the  light  transmitted  through  the  Nicol  prisms. 

The  flame  was  entirely  inclosed,  the  light  emanating  through 
an  opening  8  mm  high  and  about  2  mm  wide.^^     The  image  of 

o  See  Appendix  i,  "  On  diffuse  light  and  spectral  energy  measurements." 
^  See  Appendix  i  for  further  verification. 
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this  opening  as  projected  upon  the  spectrometer  sHt  5  was  about 
I  by  5  mm. 

When  making  the  energy  measurements,  the  shield  5  F  was 
removed  and  the  space  between  L  and  I  was  inclosed  with  a  card- 
board tube  to  exclude  extraneous  light  and  air  disturbances  from 
the  thermopile. 

As  already  mentioned,  the  amount  of  diffuse  light  present  in 
the  stimulus  is  very  small  and  immeasurable.  (See  Appendix  i.) 
Numerous  attempts,  during  the  past  10  years,  to  measure  such 
small  amounts  of  stray  light  have  always  been  a  failure.  Hence 
radiometrically  the  diffuse  (white)  light  is  negligible. 

5.  THE  NICOL  PRISMS 

The  light  from  the  acetylene  flame  A  is  focused  upon  the  spec- 
trometer slit  by  means  of  the  achromatic  lens  C.  The  function 
of  the  two  Nicol  prisms  (A'  ^  is  stationar\0  is  to  vary  the  intensity 
of  the  light  falling  upon  the  slit,  and  hence  to  vary  the  intensity 
in  any  part  of  the  spectram.  The  light  transmitted  is  proportional 
to  sLq-  6,  where  6  is  the  angle  through  which  the  Nicol  A^2  is  rotated 
from  the  position  in  which  there  is  complete  extinction.  A  circu- 
lar scale  divided  into  even  degrees  and  a  vernier,  V ,  enable  one  to 
read  the  amount  of  rotation  of  the  Nicol.  WTien  the  angular 
opening  {B)  is  90°,  the  transmission  is  taken  100  per  cent.  The 
accuracy  of  the  transmission  for  different  openings  (90°,  60°,  45°, 
30°,  0°)  was  determined  radiometrically  by  placing  a  thermopile 
at  the  exit  opening,  between  S  and  A^,  and  after  correcting  for  a 
slight  amount  of  infra-red  transmitted  when  the  Nicols  were 
crossed,  ^  =0°,  it  was  found  that  the  observed  and  the  computed 
transmissions  were  in  agreement  within  the  errors  of  observation. 
For  example,  the  ratio  of  the  galvanometer  deflections  for  30° 
and  90°  openings  was  (4.01  ^  16.18  =)  0.248,  while  the  computed 
transmission  for  sin-  30°  is  0.2499. 

The  incomplete  extinction  of  the  infra-red  energy  from  the 
flame  A  when  the  Nicols  are  crossed,  ^=0°,  was  not  found  in 
another  pair  of  Nicols,  hence  it  is  not  a  common  property,  and 
tests  made  with  a  solution  of  cupric  chloride  show  that  the  infra- 
red is  easily  eliminated.  The  device  therefore  is  useful  in  making 
an  apparatus  (crossed  Nicols  and  quartz  plate)  for  transmitting 
light  proportional  to  the  visibility  curvx  of  the  eye  (as  proposed 
by  Mr.  Priest),  in  place  of  the  visibility  solution  mentioned  in 
this  paper. 
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The  size  of  the  Nicol  was  8  by  10  by  25  mm.  A  diaphragm  7 
mm  in  diameter,  placed  in  front  of  N^,  confined  the  incident 
Hght  to  the  central  part  of  the  optical  system. 

A  further  provision  for  varying  the  light  entering  the  spec- 
trometer is  the  bilateral  slit  S,  which  is  provided  with  a  gradu- 
ated drum. 

The  observer  at  /  rotated  the  Nicol  by  turning  a  wheel,  W, 
which  was  connected  with  the  Nicol  mounting  by  means  of  a 
long  rod. 

6.  THE  FLICKER  PHOTOMETER 

The  arrangement  of  the  flicker  photometer  is  practically  the 
same  as  recommended  by  Ives.^^  The  photometer  field  is  10  mm 
or  about  2°  in  diameter.  A  "surrounding  field,"  5"  F,  was  also 
provided,  although  this  is  not  absolutely  necessary  for  this  work. 
To  provide  a  convenient  surrounding  field,  S  F,  illuminated  from 
the  standard  lamp  T,  the  objective  lens  L  was  mounted  securely  in 
a  brass  frame  attached  to  a  heavy  iron  bar,  which  was  used  in 
place  of  the  usual  telescope  tube.  The  surrounding  field  was 
placed  close  in  front  of  this  lens.  It  consisted  of  a  piece  of  stiff 
cardboard  covered  with  white  filter  paper,  which  was  covered 
with  magnesium  oxide.  The  opening  in  this  cardboard  was 
adjusted  so  that  the  lower  edge  of  the  hole  (10  mm  in  diameter) 
in  it  came  just  above  the  optical  axis  of  the  lenses.  In  this  manner 
the  numerous  small  spectra  (visible  in  any  spectroscope),  caused 
by  reflections  from  the  surfaces  of  the  lenses  and  prism,  were 
entirely  eliminated  from  the  field  of  view.  This  is  a  very  impor- 
tant desideratum  when  viewing  the  extreme  ends  of  the  visible 
spectrum. 

The  sectored  disk  D,  15  cm  in  diameter,  was  made  of  brass, 
which  was  covered  with  a  thick,  even  layer  of  magnesium  oxide, 
obtained  by  burning  magnesium  ribbon.  The  edges  of  the  sectors 
were  beveled,  and  after  depositing  the  magnesium  oxide  a  sharp, 
smooth  edge  was  produced  by  removing  the  overhanging  oxide 
by  means  of  a  sharp  knife. 

The  illumination  incident  upon  the  disk  D  was  approximately 
50  meter  candles.  It  was  adopted  for  use  with  the  various 
observers  after  a  preliminary  investigation  of  various  incidental 
phases  of  the  subject.  In  this  preliminary  work  visibility  curves 
were  obtained  for  intensities  varying  from  25  to  780  meter  candles 
upon  the  sectored  disk.  It  was  found  that  for  the  lower  (2 5 -meter 
candles)  intensity  the  eye  seemed  to  be  more  variable  from  day 
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to  day  in  its  response  to  stimuli  in  the  green,  and  it  seemed  more 
difficult  to  make  the  settings  at  these  low  intensities.  On  the 
other  hand,  the  loo  meter-candle  intensity  did  not  permit  deter- 
mining the  visibility  curve  over  a  great  range  of  the  spectrum  with- 
out changing  the  slit  opening,  which  meant  delays  in  completing 
the  most  important  part  of  the  sensibility  curve.  Hence,  the  50- 
meter-candle  intensity  was  adopted  in  view  of  the  fact  that  our 
results  are  in  agreement  with  those  of  other  experimenters,  ",  23, 27, 
showing  that  the  shape  and  position  of  the  maximum  of  the 
visibility  curve  of  the  central  retina  is  the  same,  within  experi- 
mental errors,  for  all  these  high  intensities,  as  shown  in  Fig.  2. 


Vfc  .V&         .so         -5i  .5V         .Si: 


10^ 


Fig.  2. — Relative  spectral  sensibility  of  the  eye  when  subjected  to  stimuli  of  various  inten- 
sities 

In  making  these  measurements  the  observer,  at  /,  viewed  a  part 
of  the  spectrum  coming  through  an  opening  0.52  mm  wide  and 
2.63  mm  high. 

The  disk  was  connected  by  a  flexible  belt  (rubber  or  coil  of 
spring  steel)  with  a  small  direct-current  series-wound  motor,  the 
speed  of  which  could  be  varied  by  means  of  a  variable  resistance  in 
series  with  it.  No  attempt  was  made  to  record  the  speed,  in 
view  of  the  fact  that  it  is  different  for  different  intensities,  different 
colors,  and  different  observers,  and  in  view  of  the  fact  that  pre- 
vious investigations  ^^  show  that  it  has  no  direct  bearing  upon  the 
problem  under  investigation. 
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The  motor  was  fixed  to  the  base  of  the  spectrometer.  The  disk 
D  and  the  support  for  the  standard  lamp  T  were  securely  attached 
to  the  spectrometer  arm  /  L,  which  was  movable,  in  order  to  view 
different  parts  of  the  spectrum.  By  this  arrangement  the  light 
from  the  lamp  T  was  always  normal  upon  the  disk  D,  and  condi- 
tions were  thus  the  same  throughout  the  series  of  measurements. 

This  apparatus  was  used  in  a  dark  room  illuminated  only  by 
the  stray  Ught  from  the  acetylene  flame  and  the  lamps  which 
were  used  to  read  the  scale  Sc  and  vernier  V.  A  cloth  screen 
prevented  light  from  reaching  the  observer  at  /. 

7.  METHODS  OF  OBSERVATION 

In  making  the  photometric  measurements  the  observer,  at  /, 
rotated  the  Nicol  prism  by  means  of  the  wheel  W  and  adjusted 
the  speed  of  the  motor  to  produce  no  flicker.  In  a  few  cases  the 
observer  preferred  to  use  minimum  flicker.  The  assistant  made 
the  spectrometer  settings  5c,  read  the  photometer  scale  V  (the 
rotation  of  the  Nicol  N^ ,  and  recorded  the  data. 

In  the  preliminary  work  it  was  found  that  the  eye  becomes 
adapted  to  the  conditions  of  this  work  in  less  than  five  minutes. 
The  observer,  therefore,  made  a  series  of  preliminary  meastu-e- 
ments  to  learn  the  method  and  to  adapt  the  eye.  Measurements 
were  then  made  in  the  yellow  and  extended  every  10  seconds  of 
arc  on  the  spectrometer  circle  to  the  end  of  visibility  in  the  red. 
The  measurements  in  the  yellow  were  then  repeated  (and  always 
found  the  same  as  in  the  beginning)  and  extended,  for  every  pre- 
determined spectrometer  setting  (5  and  10  seconds  of  arc),  to  the 
limit  of  visibility  in  the  violet.  The  settings  in  the  yellow-green 
were  then  repeated,  when,  in  some  cases,  the  sensibility  was  a 
little  higher.^*  This,  however,  disappeared  after  a  few  settings  of 
the  Nicol  prism.  New  settings  were  then  made  at  intermediate 
points  (the  5- seconds  intervals  on  the  spectrometer  circle)  extend- 
ing to  the  end  of  visibility  in  the  red,  also  the  alternate  10- seconds 
settings  vs^ere  repeated,  especially  if  the  sensitivity  of  the  eye  had 
changed,  which  was  of  rare  occurrence.  In  this  manner  the  com- 
plete visibility  curve  was  obtained  for  every  0.0 iju  extending  from 
0.49  to  0.69/x.  In  this  series  the  slit  5  was  o.i  mm  in  width,  the 
Nicol  opening  being  about  12°  in  the  yellow  for  the  majority  of 
the  observers. 

For  those  observers  who  could  give  the  time  the  visibility  curve 
was  then  extended  to  0.75/^  in  the  red  and  about  o.435/;t  in  the 
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violet.  This  was  accomplished  by  opening  the  slit  5  to  0.6  mm 
and  by  placing  the  lamp  at  a  greater  distance  (73.5  cm),  which 
reduced  the  illumination  to  about  15  meter  candles  on  the  disk. 
That  this  procedure  is  permissible  was  determined  in  the  prelimi- 
nary work,  in  which  the  visibility  curve  of  one  of  the  writers  was 
determined  (by  using  a  still  lower  illumination)  to  0.77M  in  the  red 
and  o.40;u  in  the  violet.  It  is,  of  course,  understood  that  on  both 
sides  of  the  maximum  of  the  visibility  curve,  which  was  obtained 
for  a  50  meter-candle  illumination,  measurements  were  made  also 
for  the  15  meter-candle  illumination  in  order  to  obtain  the  factor 
for  superposing  the  two  curv^es.     This  factor  was  somewhat  differ- 
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Fig.  3. — Sensibility  of  right  and  left  eye 

ent  for  the  two  sides  of  the  curve,  due,  no  doubt,  to  diffraction 
caused  by  the  narrow  slit.  This,  however,  is  of  minor  importance. 
In  the  preliminary  investigation  it  was  found  that  the  variation 
in  the  observations  for  the  Aght  and  the  left  eye  (W.  W.  C.)  were 
from  I  to  3  per  cent,  which  was  the  accuracy  attained  on  different 
days  using  the  right  eye.  One  observer  (F.  P.  P.)  kindly  volun- 
teered to  make  the  test  of  both  eyes  on  the  same  day.  The  obser- 
vations are  in  exact  agreement  throughout  the  curve  (see  Fig.  3), 
showing  that  the  visibility  curve,  characteristic  of  a  given  observer, 
can  be  obtained  by  examining  either  the  right  or  the  left  eye,  as 
had  been  found  by  previous  measurements. '''  ^^^  ^^     The  various 
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observers,  therefore,  were  permitted  to  use  the  eye  which  they 
were  accustomed  to  using  and  which  they  considered  the  ''best" 
physically. 

In  order  to  make  the  equality-of -brightness  measurements,  the 
disk  D  was  placed  so  as  to  bisect  (horizontally)  the  photometric 
field.  In  this  manner  one-half  of  the  field  was  illuminated  by  the 
standard  lamp  T  and  the  other  half  of  the  field  was  illuminated 
with  spectral  light  of  a  given  color.  In  view  of  the  great  difficulty 
experienced  by  most  observers  in  making  such  settings,  it  was 
deemed  of  greater  importance  to  spend  the  time  in  making  numer- 
ous settings  in  a  few  parts  of  the  spectrum  instead  of  attempting 
to  obtain  the  complete  visibility  curve.  The  results  of  this  test 
will  be  discussed  on  a  subsequent  page. 

For  the  information  of  the  reader  not  entirely  familiar  with  the 
subject,  it  may  be  added  that  the  visiblity  of  radiation  is  the  recip- 
rocal of  the  measurements  recorded.  For  example,  in  the  yellow- 
green  the  Nicol  opening  (rotation)  may  be  13°  and  at  0.68/x  the 
opening  may  be  60°.  The  energy  transmitted  therefore  would  be 
5  and  75  per  cent,  respectively,  of  the  value  observed  radiometri- 
cally  at  these  two  wave  lengths.  In  the  curves  given  herewith  the 
reciprocals  of  these  energies  are  plotted;  for  by  definition  the  sensi- 
bility of  the  eye,  or  the  visibility  of  radiation,  Vx,  at  any  wave 
length  is  the  ratio  of  the  luminous  intensity  measured  in  light  units 
to  the  intensity  of  the  light  measured  in  energy  units,  viz,  Vx  = 
Ix-^Ex.  The  curve  obtained  is  the  visibility  for  an  equal-energy 
spectrum. 

For  most  of  the  observers  the  visibility  was  determined  only 
once,  in  view  of  the  fact  that  but  little  variation  of  the  visibility 
curve  was  fotmd  on  different  days  (as  was  previously  found  by 
Bender^®),  especially  when  the  observations  were  made  after  a 
night  of  sound  sleep.  Observers  suffering  from  lack  of  rest, 
"cold,"  or  "grippe"  gave  variable  results,  especially  in  the  green. 
Part  of  this  difiiculty  seemed  to  be  due  more  to  the  inability  to  fix 
the  attention  upon  the  flickering  field  than  to  an  actual  change  in 
sensitivity  of  the  eye. 

IV.  DISCUSSION  OF  DATA 

Heretofore  it  has  been  the  practice  to  publish  the  visibility 
curves  of  the  individual  observers.  For  convenience  in  illustra- 
tion, the  present  data  have  been  arbitrarily  grouped  according  to 
characteristics  which  occur  in  common  in  certain  visibility  curves. 
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In  order  to  classify  these  data,  each  visibihty  cur\x  was  set  to 
the  scale  100  at  its  maximum.  The  appropriate  factors  are  given 
in  column  5  of  Table  i.  These  factors  differ,  of  course,  due  to 
differences  in  retmal  sensibility  and,  to  some  extent,  to  small 
changes  in  brightness  of  the  acetylene  flame  '^  and  to  recoating  the 
disk  with  magnesium  oxide.  This  has  no  effect  upon  the  relative 
visibility,  in  view  of  the  fact  that  the  scale  of  ordinates  in  the  spec- 
tral-energy curve  of  the  acetylene  flame  might  have  been  chosen, 
for  example,  so  that  the  average  factor  would  have  been  i.o 
instead  of  1.2.  (See  Table  i.)  Because  of  the  extensive  data  it 
did  not  seem  necessary  to  weight  the  visibility  curves  by  reducing 
them  to  the  same  area  before  taking  their  mean  value,  as  has  been 
done  heretofore. 

These  visibility  cur^^^es,  plotted  in  terms  of  equal  maxima,  -were 
then  compared  with  the  average  by  viewing  them  over  an  illumi- 
nated ground  glass  and  classified  in  the  groups  illustrated  on  the 
following  pages.  It  is  to  be  understood,  of  course,  that  this  char- 
acteristic grouping  is  not  always  as  sharply  defined  as  illustrated, 
although  in  some  instances  there  is  a  tendency  toward  distinct 
grouping.^ 

This  classification  shows  (i)  wide  curves  with  the  maximum 
shifted  toward  the  red,  'red  sensitive,"  (2)  narrow  curves  with  a 
sharp  maximum  in  the  green,  and  (3)  curves  with  the  maximum 
shifted  toward  the  violet.  A  fourth  group  of  observers  has  very 
wide  curves  embracing  much  of  the  three  preceding  groups.  A 
fifth  group  has  the  average  sensibility  in  the  red  and  yellow,  but 
has  a  low  sensibility  in  the  blue,  while  a  sixth  group  has  the  aver- 
age sensibility  in  the  blue,  but  has  a  low  sensibility  in  either  the 
yellow^  or  red  or  throughout  this  entire  region  of  the  spectrum. 

The  visibility  of  radiation  data  obtained  by  various  observers  (all 
but  two  having  normal  color  vision)  are  given  in  Table  i .  In  this 
table  column  2  gives  the  type  of  visibility  curve.  The  classifica- 
tion Sub.  R.  includes  several  subjects  whose  visibility  is  below  the 
average  in  the  yellow  and  orange  part  of  the  spectrum. 

It  is  to  be  noticed  in  this  table  that  several  subjects  having  the 
same  type  of  visibility  curve  came  in  succession  in  the  order  of 
making  observations.     From  this  it  might  appear  as  though  the 

o  Caused  no  doubt  by  variation  in  humidity.  Thus  far  it  has  not  been  possible  to  establish  a  change 
in  the  shape  of  the  spectral-energy  curve  of  acetylene  (in  the  visible  spectrum )  for  small  changes  in  bright- 
nesb  caused  by  variation  in  humidity  or  gas  pressure. 

t>  Such  groups  are  recognized  by  writers  on  physiological  optics  (c.  f..  Nagel,  von  Kries.  CK)ldhammer), 
who  use  the  terms  "monochromats,"  "dichromats."  '•trichromats,"  "red  anomalous,"  "  green  anomalous." 
etc 
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shift  from  the  average  curve  might  be  due  to  lack  of  adjustment 
of  the  apparatus.*^ 

This  occurrence  of  so  many  subjects  in  succession  having  the 
same  characteristics  is  due  to  the  fact  that  the  observers  were 
often  selected  from  a  classified  list  previously  obtained  from  the 
photometric  tests  made  by  Crittenden  and  Richtmyer.^^ 

In  Table  i  the  fourth  column  gives  the  color  of  the  eyes  {Bl  = 
blue,  Gf  =  gray,  Br  =  brown,  L.  5/.=  light  blue),  which  data  were 
obtained  for  the  reasons  explained  on  another  page. 

The  last  column  of  Table  i  gives  the  position  of  maximum  visi- 
bility as  read  from  the  individual  curves.  The  mean  value  of  the 
125  observers  is  X^  =0.5576  ju. 

Before  discussing  these  various  groups  of  visibility  curves,  it  is 
of  interest  to  give  some  references  to  subjects  who  have  very 
marked  abnormalities  of  color  vision. 

a  At  the  time  of  making  the  test  the  abnormal  observations  were  always  checked  by  the  attendant 
(W.  B.  K.),  whose  visibility  is  very  close  to  the  average. 
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1.  TOTAL  COLOR  BLINDNESS 

The  investigation  of  subjects  who  are  entirely  lacking  in  color 
sensation  is  of  interest  in  connection  with  the  various  theories  of 
color  vision.  At  low  illumination  only  the  rods  are  considered  to 
respond  to  light  and  no  color  is  perceived.  The  maximum  sen- 
sibility of  the  fovea  of  the  normal  eye  lies  between  0.49  ix  and  0.53  ix 
for  low  illuminations. 

In  the  case  of  total  color  blindness  the  maximum  visibility  is 
in  the  region  of  0.52  /x,  as  shown  in  Fig.  4  (data  from   Bender  2«). 
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Fig.  4. — Relative  seiisibiliiy  of  the  eye  to  different  uave  lengths 
in  the  case  of  total  color  blindness  {data  from  Bender) 

From  this  it  would  appear  that  the  color  perception,  in  the  case 
of  so-called  total  color  blindness,  is  similar  to  that  of  normal 
foveal  color  vision  under  very  low  illumination,  and  to  that  of 
rod  vision  (i.  e.,  peripheral  vision)  under  high  illumination.  As 
shown  by  Bender,-^  the  curv^e  for  the  peripheral  retina  (normal 
rod  vision)  coincides  w4th  that  of  the  foveal  visibility  curve  of 
totally  color-blind  subjects.  This  phenomena  is  of  rare  occurrence, 
and  hence  it  is  difficult  to  find  subjects  for  investigation. 
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2.  PARTIAL  COLOR  BLINDNESS  « 

This  phenomenon  is  of  frequent  occurrence.  Ferry  ^^  found 
eight  cases  in  a  group  of  200  students,  which  is  close  to  the  aver- 
age (3.95  per  cent  among  males)  found  by  Dr.  Jeffries  ^^  in  a 
group  of  175,000.  Among  women  color  blindness  is  only  about 
one-tenth  as  frequent  as  among  m-en.  It  is  well  known  that  a 
partially  color-blind  person  is  not  only  greatly  lacking  in  one  of 
the  ftmdamental  color  sensations,  but  also  that  he  perceives  other 
colors  quite  differently  from  the  "normal." 

Ferry  "  gives  the  results  of  an  examination  of  eight  color-blind 
persons.  One  was  a  case  of  inherited  red  blindness.  The  visibility 
of  this  red-blind  subject  was  very  much  depressed  in  the  red  as 
compared  w4th  that  of  normal  color  vision.  The  other  seven 
persons  were  green  blind.  In  all  cases  their  persistence  of  vision 
(visibility)  curves  were  normal  except  in  the  green,  where  there 
was  a  marked  depression.  These  cases  are  somewhat  different 
from  the  observations  of  de  I^epinay  and  Nicati,^  whose  results  for 
dichroic  vision  indicate  that  in  red  blindness  the  visibility  curve 
is  abnormally  high  in  the  green  and  that  in  green  blindness  the 
sensibility  is  abnormally  high  in  the  red  (but  normal  in  the  blue 
and,  of  course,  below  normal  in  the  green) ,  which  agrees  with  the 
observations  recorded  in  the  present  paper. 

Allen  ^^  has  described  the  curve  of  a  green-blind  subject  in  which 
the  visibility  was  normal  for  all  parts  of  the  spectrum  except  in  the 
green,  also  a  red-blind  subject  in  which  the  visibility  citrve  was 
depressed  below  the  normal  only  in  the  red.  Another  red-blind 
subject  showed  depressions  in  both  the  red  and  the  green. 

Of  the  persons  showing  very  marked  red-green  color  blindness 
by  the  Holmgren  yam  test,  examined  by  Tufts,^^  three  had  the 
point  of  maximum  visibility  displaced  toward  the  green  and  the 
other  three  had  the  maximum  shifted  toward  the  red.  As  in  the 
present  investigation,  he  had  another  subject  whose  visibility  curve 
was  similarly  shifted  toward  the  red,  although  the  observer  showed 
no  trace  of  color  blindness  by  the  ordinary  Holmgren  test. 

In  persons  exhibiting  color  blindness  the  most  common  phase 
is  a  low  visibility  in  the  green,  producing  quite  an  indentation,  as 
shown  in  Fig.  5.     However,  persons  having  normal  vision  may 

«■  The  writers  adhere  to  the  oldei"  nomenclature,  in  which  the  term  "color  blindness"  was  applied  to 
cases  of  color  confusion  by  the  Holmgren  tests.  It  is  beyond  the  scope  of  the  present  paper  to  attempt 
a  discussion  of  the  newer  ideas  concerning  color  vision,  in  view  of  the  fact  that  it  deals  with  monochromatic 
brightness  sensation  in  different  parts  of  the  spectrum  and  does  not  attempt  to  analyze  the  results  obtained 
when  applying  a  heterochromatic  stimulus. 
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have  a  temporary  depression  of  the  visibility  in  this  region  of  the 
spectrum,  as  was  found  (W.  W.  C.)  in  the  preliminary  part  of  the 
present  investigation. 

Of  the  subjects  examined  who  exhibit  green  color  blindness, 
two  (A.  F.  and  J.  F.  S.)  confused  reds  and  greens  in  making  the 
Nagel  color  test.  Another  subject  (A.  A.  L.),  an  instrument 
maker,  can  not  distinguish  brass  from  copper.     An  unusual  case 


/oo 


.S¥ 


(p(c   ^^CC 


Fig.  5. — Spectral  sensibility  curves  of  eyes  affected  by  partial 
color  blindness 

(W.  J.  T.)  of  red  blindness  was  found.'  The  subject  is  engaged  in 
agricultural  pursuits  and  can  not  distinguish  red  apples  or  red 
roses  from  the  green  leaves  except  by  their  shape.  His  visibility 
cur\^e  (Fig.  5)  is  unusually  low  in  the  red  and  high  in  the  blue.  A 
somewhat  similar  curve  is  shown  in  Fig.  7  (H.  B.  S.),  but  in  this 
case  the  subject  did  not  confuse  colors  when  tested  with  the  Nagel 
and  the  Stilling  color  cards. 
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The  results  of  the  present  investigation  are  in  agreement  with 
those  of  Ferry  ^^  and  Tufts  ^^  and  others,  showing  that  the  effect 
of  Hght  upon  the  color  sense  is  quite  independent  of  its  effect  upon 
the  brightness  sense.®  An  abnormal  color  sense  is  associated  with 
an  abnormal  (brightness  sensibility)  visibility  curve;  but  the  con- 
verse is  not  true,  as  is  shown  by  the  examples  of  abnormal  visi- 
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Fig.  6. — Visibility  curves  of  observers  who  are  red-sensitive 
but  not  color  blind 

bility  curves  (Fig.  6)  of  persons  having  normal  judgments  in  sort- 
ing and  matching  colors.  The  data  of  all  but  two  of  the  group  of 
observers  who  were  known  to  be  color  blind  are  given  in  Table  2. 
If  all  the  observers  had  been  tested,  no  doubt  others  would  have 
been  found  who  confused  colors. 


o  See  Appendix  4.  "On  color  perception  versus  brightness  perception," 
59467°— 18 3 
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Wave  length  /i 

J.  F.  S. 

Eye,  blue 
factor,  120 
Xu.=  0.568 

A.F. 

Eye,  blue 
factor,  1.26 
Xm=  0.578 

C.  W.  K. 

Eye,  brown 
factor,  1.67 
X„=0.567 

W.  J.  T. 

Eye,  blue 
factor,  1.01 
X„=  0.539 

A.  A.  L. 

Eye,  brown 
factor,  1.75 
Xn.=  0.573 

0. 444 

22.5 

29.0 

35.6 

50.4 

71.4 

108.0 

180.0 

300.0 

468.0 

659.0 

817.0 

918.0 

947.0 

943.0 

1000.0 

989.0 

957  0 

43.8 

50.0 

60.6 

80.1 
123.0 
180.0 
273.0 
403.0 
560.0 
750.0 
862.0 
928.0 
945.0 
998.0 
1000.0 
1025.  0 
963.0 
886.0 
863.0 
758.0 
632.0 
483.0 
338.0 
219.0 
121.0 

61.6 

27.3 

11.0 
4.71 
1.93 
.830 

0.450 

0. 456 

0.  463 

0. 474 

182.0 
a  270.  0 
337.0 
502.0 
701.0 
907.0 
1003.0 
967.0 
926.0 
874.0 

0.  485 

0.493 

0.  50Z 

210.0 
375.0 
591.0 
766.0 
889.0 
928.0 
957.0 

208  0 

0.51*5 

375  0 

0.523 

571  0 

0.534...    . 

730  0 

0.  546 

880  0 

0.552 

892.0 

0.559. 

916  0 

0.566 

1000  0 

0.573 

990.0 
1000.0 
952.0 
858.0 
783.0 
664.0 
530.0 
390.0 
254.0 
150.0 
73.6 
35.0 
15.1 

633.0 
566.0 
443.0 
354.0 
236.0 
165.0 
90.6 
50.6 
23.7 
11.7 

1000.0 

0.580. 

962  0 

0.5876 

891.0 
799.0 
725.0 
588.0 

910  0 

0.596^ 

858.0 

0.604 

759.0 

0.613 

0.  623 

483.0 
325.0 
196.0 
118.0 
56.4 
23.6 
8.88 
3.83 
1.60 
.919 
.290 

526  0 

0.  633 

0. 6432    .                  

256  0 

0.  654 

0.  665 

73.4 

0.  678 

32.2 

0.  690 

15.4 

0.  703 

0.717                            -   -. 

[ 

0.730 

i 

0.746 

.458 

1 

1 

3.  RED  SENSITIVENESS 

It  was  noticed  early  in  the  investigation  that  out  of  two  dozen 
subjects  one-fourth  were  abnormally  sensitive  in  the  red,  as  illus- 
trated in  Fig.  6.  If  the  investigation  had  been  terminated  at  that 
time,  the  shape  of  the  visibility  curve  of  the  average  normal  eye 
and  the  position  of  its  maximum  would  have  been  considerably 
different  from  the  cur\^e  resulting  from  averaging  the  data  of  all 
the  subjects  investigated. 

Of  the  lo  subjects  examined  by  Bender  -«  the  average  visibility 
curves  of  three  observers  is  separated  by  a  wide  gap  from  the 
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others  in  the  red  part  of  the  spectrum  and  the  maximum  visibility- 
is  located  at  0.55  //.,  while  the  maximum  visibility  of  the  others  is 
located  at  0.535  /x.  Of  these  three  red  sensitives  two  were  women, 
while  the  remaining  two  women  of  the  group  of  10  subjects  were 
abnormally  sensitive  in  the  blue- violet.  From  this  it  would  appear 
that  while  color  blindness  may  be  far  less  frequent  among  women 
than  among  men  their  visibility  curves  are  probably  subject  to  as 
great  variation  as  is  to  be  found  among  men.  Houstoun  ^^  like- 
wise found  no  systematic  deviation  of  the  observations  of  nine 
women  as  compared  with  the  men. 

Of  the  26  red-sensitive  subjects  found  in  the  present  investiga- 
tion (some  of  which  may  have  been  color  blind),  the  visibility 
curve  of  W.  F.  M.  is  of  special  interest  in  view  of  the  fact  that  two 
series  of  observations  were  made  on  a  Saturday  and  the  following 
Monday.  The  intervening  day  of  rest  and  recreation  had  no  effect 
upon  the  curve,  the  observations  coinciding  exactly  throughout 
the  whole  spectrum.  Even  the  observation  of  the  sharp  maximum 
at  0.573  M  was  repeated.  Another  peculiarity  exhibited  b}^  this 
observer  was  the  very  low  speed  required  in  order  to  cause  dis- 
appearance of  flicker.  The  speed  was  only  about  3  cycles  per 
second,  which  shows  an  unusually  long  persistence  of  the  visual 
impression.  Apparentl}^  the  speeds  for  disappearance  of  color 
flicker  and  brightness  flicker  are  closely  the  same  in  this  subject, 
who  does  not  appear  to  confuse  colors.^  Tufts  ^^  had  two  observers 
who  were  abnormally  sensitive  in  the  red,  and  they  showed  a  slight 
tendency  to  confuse  oranges  and  yellows  greens. 

As  shown  in  the  composite  curve  of  the  125  observers.  Fig.  13, 
the  distinct  grouping  of  red  sensitives,  which  is  conspicuous  in 
the  composite  curve  (of  only  10  observers)  published  by  Bender ,2^ 
is  obliterated  by  a  general  gradation  in  the  shift  of  the  various 
red-sensitive  curves  from  the  normal  to  the  extreme  red. 

4.  BLUE  SENSITIVENESS 

Persons  who  are  markedly  sensitive  in  the  blue  are  not  found 
quite  so  frequently  as  are  the  red  sensitives  just  described.  A  very 
marked  example  is  given  by  Nutting,^^  also  one  by  Bender ,2^  in 
which  the  maximum  visibility  is  greatly  shifted  toward  the  violet, 
and  in  which  the  whole  visibility  curve  is  shifted  as  compared 
with  the  average  normal  curve. 

As  was  to  be  expected,  a  close  parallelism  was  foimd  between 
the  observations  of  Crittenden  and  Richtmyer  ^a  and  the  results 

o  See  Appendix  4  for  further  tests  on  this  subject. 
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of  the  present  investigation.  In  their  test  of  the  transmission  of 
yellow  and  blue  solutions  (or  glasses)  they  found  one  obser\'er 
(H.  B.  S.)  whose  data  indicated  an  apparently  high  sensibility  in 
the  blue  or  low  sensibility  in  the  red  as  compared  with  the  group 
of  normals.  As  showTi  in  Fig.  7,  the  peculiarity  of  the  vision  of 
this  subject  is  in  its  low  sensibility  in  the  red  and  a  high  sensi- 
bility in  the  blue,  thus  causing  a  shift  of  the  whole  cur\-e.     A 
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Fig.  7. — Visibility  curves  of  blue-sensitive  subjects 

similar  case  has  just  been  described  (W.  J.  T.)  in  which  this  shift 
of  sensibility  was  accompanied  by  color  blindness  to  the  red. 
Other  observers  (e.  g.,  I.  G.  P.  and  K.  B.)  who  were  slightly  more 
sensitive  in  the  violet  than  the  normals,  as  indicated  by  the  obser- 
vations of  Crittenden  and  Richtmyer,  were  found  to  have  visi- 
bility curv^es  which  are  somewhat  above  the  normal  in  the  blue 
part  of  the  spectrum. 
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A  characteristic  group  of  observers  have  narrow  visibility  curves 
in  the  sense  that  the  curves  fall  below  the  normal  in  the  yellow 
and  the  blue  and  terminate  rather  sharply  at  the  maximtmi  in 
the  green.  The  group  of  subjects  examined  by  Nutting  ^^  has 
several  marked  examples  of  this  type,  about  one-fourth  of  the 
whole  group  showing  this  characteristic  to  some  extent.     In  Fig. 
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Fig.  8. — Visibility  curves  of  green-sensiiive  subjects 

8  the  visibility  curves  of  a  number  of  subjects  are  given  which 
exhibit  this  peculiarity.  In  the  green-sensitive  subject  the  re- 
sponse of  the  red  and  the  blue  is  not  up  to  the  average  eye. 

6.  RED-BLUE  SENSITIVENESS 

This  class  includes  a  characteristic  of  infrequent  occun^ence,  in 
which  the  visibility  curve  is  very  wide  as  compared  with  the  nor- 
mal curve.     Curves  of  this  classification  are  given  in  Fig.  9.     This 
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type  is  not  as  common  as  that  of  red  sensitiveness,  only  i  marked 
example  being  present  among  the  21  obserxers  recorded  by  Nut- 
ting -^  and  7  among  the  130  examined  in  the  present  investigation. 

7.  SUBNORMAL  BLUE  SENSITIVENESS 

Among  those  who  might  be  classed  as  yellow  sensitive  by  some 
tests  is  a  group  of  observers  whose  visibility  curv^es  coincide  very 


/oo 


I 


Fig.  9. — Visibility  curves  of  subjects  hazing  a  high  sensibility 
over  a  wide  range  of  "uave  lengths 

closely,  if  not  exactly,  with  the  average  visibility  cur\^e  throughout 
the  spectrum  except  in  the  blue  violet,  where  the  visibility  falls 
below  the  average  value.  Before  making  the  test  several  of  the 
obser\^ers  in  this  group  reported  that  their  eyes  were  not  very 
sensitive  to  the  blue.  The  curves  of  several  observ^ers  having  a 
low  sensibility  in  the  blue,  but  having  the  average  visibility  in  the 
remainder  of  the  spectrum  are  given  in  Fig.  10. 
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Among  those  who  might  be  classed  sensitive  in  the  blue-green 
by  some  tests  (e.  g.,  the  tests  by  Crittenden  and  Richtmyer^^)  is 
a  group  of  observers  whose  visibility  curves  are  low  in  the  red 
and  yellow  but  coincide  very  closely  with  the  average  visibility 
curve  in  the  green  and  blue  parts  of  the  spectrum.  Illustrations 
of  this  type  of  color  sensibility  are  given  in  Fig.  1 1 .     They  differ 
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Fig.    10. — Visibility   curves    of  sub-normal    blue-sensitive 
subjects 

from  the  curves  (Fig.  7)  of  high  sensibility  in  the  blue  in  that  in 
the  latter  the  whole  visibility  curve  is  shifted  to  the  blue.  Fur- 
thermore, in  the  latter  the  shape  of  the  curve  in  the  blue  is  differ- 
ent from  that  of  the  average  curve,  so  that  it  is  not  possible  to 
superpose  them  nicely  in  the  blue,  as  is  possible  with  the  curves 
in  the  present  and  in  the  preceding  classification. 

This  classification  includes  a  number  of  subjects  whose  visi- 
bility curves  fall  below  the  average  in  the  yellow  and  orange 
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instead  of  the  deep  red,  but  it  did  not  seem  necessary  to  classify 
them  in  a  separate  group. 

9.  AVERAGE  COLOR  VISION 

In  this  group  are  to  be  found  about  one-fourth  of  the  total  num- 
ber of  persons  examined.  The  visibility  curve  is  smooth  and  free 
from  indentations,  and  it  is  quite  symmetrical  with  the  maximmn 
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Fig.    II. — Visibility    curves    of    sub-normal    red-sensitive 
subjects 

visibility  at  about  0.557/i.  It  is  the  type  of  cur\'e  one  obtains 
after  arbitrarily  eliminating  the  red  and  the  blue  sensitive  observ- 
ers, and  it  may  be  slightly  different  from  the  visibility  curve  of  the 
"average  eye,"  which  means  the  inclusion  of  all  individuals  who 
are  considered  to  have  "normal"  color  vision.  In  Fig.  12  are 
shown  the  observations  of  a  group  of  observers  whose  visibility 
curves  are  closely  the  same  as  that  of  the  average  eye. 
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In  Table  3  are  given  statistical  data,  by  various  observers,  re- 
garding the  number  of  persons  in  each  type  of  color  sensibility 
mentioned  in  this  paper.  The  characteristics  of  the  eyes  examined 
by  Tufts  are  not  fully  described. 
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Fig.  12. — Visibility  curves  of  observers  having  a  sensibility 
close  to  the  average 

TABLE  3 
Grouping  of  Subjects  According  to  Dominant  Color  Sensibility 


Subiects 

Observer 
Tufts 

Observer 
Ives 

Observer 
Bender 

Obsen-er 
Nutting 

Observers 

Coblentz  and 

Emerson 

Total  number 

18 

18 

10 

21 

125 

Red  sensitive 

2 
2 

5 
5 
5 
1 
2 

3 
3 

2 

7 
5 
4 
1 
4 

26+11  Sub.  B 

20+17  Sub.  R 

Green  sensitive  (narrow) 

13 

4 
a  10 

7 

Average 

2 

29 

a  Classification  by  Tufts;  curves  not  published. 


2o6  Bulletin  of  the  Bureau  of  Standards  [Voi.  n 

The  data  given  by  the  various  investigators  mentioned  in  Table 
3  are  sufficiently  complete  to  show  that  among  a  group  of  persons 
having  ** normal"  color  vision  (roughly  estimated)  60  per  cent  of 
the  cases  fall  into  three  quite  evenly  divided  groups  which  are 
either  (i)  red  sensitive,  (2)  blue  sensitive,  or  (3)  average.  Simi- 
larly 30  per  cent  of  the  cases  examined  are  quite  evenly  divided 
into  three  groups  which  fall  below  the  average  in  (i)  the  red,  (2) 
in  the  blue,  or  (3)  in  both  the  red  and  the  blue,  thus  giving  rise 
to  an  apparently  high  sensiti\dty  in  the  green.  One  person  in 
about  20  has  a  wide  visibility  cur\'e  as  compared  with  the  average. 

The  composite  visibility  curve  of  all  these  obser\^ers  is  illus- 
trated in  Fig.  13.  It  is  of  especial  interest  in  showing  the  small 
range  of  variation  in  sensibility  in  the  region  of  0.51  to  0.52JU. 

10.  REMARKS  ON  OBSERVATIONAL  DATA 

Under  this  title  are  recorded  various  comments  regarding  the 
characteristics  of  the  data  obtained  by  various  obsen^ers  given  in 
Tables  i  and  2. 

W.  W.  C. — Equality-of -brightness  settings  are  usually  close  to 
the  flicker  settings,  but  in  the  midst  of  these  closely  agreeing  obser- 
vations an  occasional  set  of  readings  was  obtained  which  differed 
by  20  per  cent  from  the  normal  settings.  (See  Table  4.)  No  dis- 
proportionate increase  in  sensibility  was  observed  as  the  result 
of  adaptation  when  exposing  the  eye  to  the  blue  rays.  The  fa- 
tigued (right)  eye  and  the  unfatigued  (left)  eye  gave  the  same 
flicker  readings.  For  the  30-meter  candle  illumination  there 
seemed  to  be  a  tendency  for  supernormal  sensibility  at  0.623/x  on 
some  days. 

C.  G.  P. — A  poor  visibility  cur\'e  (Mar.  9,  191 6)  was  caused  by 
fatigue  from  reading  during  the  greater  part  of  the  preceding 
night.  His  equality-of-brightness  ciu-\'es  (for  Mar.  4  and  9)  coin- 
cided better  than  the  flicker  cun-es.  Prolonged  exposure  to  the 
blue  did  not  increase  the  sensibility  to  the  yellow.  For  equality 
I  of  brightness  his  Nicol  readings  gradually  increase   (sensibility 

decreases)  to  a  normal — probably  slow  adaptation. 

B.  ^I. — His  eye  was  more  sensitive  to  the  yellow  after  making 
readings  in  the  blue.  Parinaud's  **  data  indicate  a  disproportion- 
ate increase  in  sensibility  of  the  eye  for  the  blue  rays,  due  to 
adaptation. 

W.  M.  S. — A  rather  poor  curve;  eyes  tire  very  easily. 

R.  C.  S. — \^ery  low  and  irregular  readings  in  the  yellow  when 
making  equality-of-brightness  settings. 
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J.  W.  S. — Unusual  settings  for  equality  of  brightness.  Prac- 
tically the  same  settings  (sensibility)  throughout  the  spectrum. 
(See  Table  4.) 

J.  S.  P. — Equality-of -brightness  settings  are  low.  After  being 
shown  the  appearance  of  the  photometric  field  for  a  flicker  setting 
his  measurements  gradually  returned  to  the  former  equality-of- 
brightness  settings. 

F.  P.  P. — Made  several  sets  of  observations  (Feb.  23,  25,  26, 
and  Mar.  i,  191 6).  On  June  27  he  repeated  the  flicker  observa- 
tion of  February  23,  using  the  right  and  the  left  eye.  The  results 
for  the  two  eyes  are  identical,  and  they  agree  with  his  previous 
observations. 

P.  J.  H. — ^The  visibility  curve  of  this  subject  is  very  unusual 
in  that  it  is  higher  than  the  average  in  the  blue,  0.48JU;  lower  in 
the  blue-green,  0.53M;  normal  in  the  green,  0.555/*;  ^^^  lower  than 
the  average  in  the  yellow  and  red,  o.57jit  to  o.66ix.  The  equality- 
of -brightness  settings  are  extremely  high,  especially  in  the  blue. 

11.  FATIGUE  AND  ADAPTATION 

If  the  fatigue  is  the  same  for  white  and  for  colored  light,  then  it 
should  not  affect  the  settings.  From  the  data  at  hand  it  would 
appear  that  there  is  no  rule  as  to  what  one  should  expect. 

Pflliger,^  Bender,^^  and  others  report  a  great  constancy  in  the 
observations  made  on  different  days.  In  the  present  investiga- 
tion it  was  found  that  closely  agreeing  observations  were  obtained 
on  different  days,  provided  the  subject  was  in  normal  health  (free 
from  *'cold,"  "grippe,"  etc.)  and  had  sufficient  sleep  (rest)  the 
preceding  night. 

From  the  data  published  by  Allen, ^^  after  fatiguing  the  eye  with 
white  light  from  the  electric  arc  the  sensibility  is  quite  proportion- 
ately reduced  throughout  the  spectrum  and,  in  general,  fatigue 
caused  by  exposiure  to  light  of  a  given  wave  length  (say  in  the 
green)  depressed  the  sensibility  in  that  part  of  the  spectrum.  It 
is  to  be  noted,  however,  that  the  test  was  made  before  the  e3^e 
could  recover  from  the  effect.  Tufts,^^  using  the  flicker  photom- 
eter, found  no  effect  upon  the  visibility  curve  as  the  result  of 
fatiguing  the  eye  with  white  or  colored  light  (red,  yellow,  blue), 
but  an  effect  was  observed  after  prolonged  exposure  to  red  light. 

In  the  present  investigation  prolonged  tests  were  made  on  the 
effect  of  fatigue  upon  the  flicker-photometer  settings.  For 
example,  making  a  setting  with  the  right  eye  after  a  long  series 
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of  observations  and  immediately  thereafter  repeating  this  set- 
ting with  the  left  eye  (which  had  not  been  used  at  all)  gave  the 
same  results.  Similarly,  making  a  no-flicker  setting  with  the  right 
eye,  then  staring  at  the  uncovered  standard  lamp  or  at  the  sky, 
did  not  change  the  setting.  These  tests  were  made  at  0.604^, 
0.576^1,  and  0.456/X.  Only  at  the  latter  position  in  the  spectrum 
was  the  no-flicker  setting  changed,  and  this  was  not  greater  than 
the  observational  errors  (3  to  4  per  cent)  which  one  would  make  in 
such  a  test. 

All  the  tests  show  that  the  eye  adapts  itself  to  the  conditions  of 
the  experiment  in  a  few  minutes.  Only  in  a  few  cases  (see 
"Remarks  on  observational  data")  did  the  sensibility  change  due 
to  adaptation  in  changing  from  the  blue  to  a  less  refrangible  part 
of  the  spectrum. 

12.  FLICKER  VERSUS  EQUALITY-OF-BRIGHTNESS  MEASUREMENTS 

As  already  mentioned,  it  is  an  unsettled  question  whether  the 
flicker  method  gives  the  same  results  as  the  equality-of-brightness 
method.  At  the  conclusion  of  the  flicker-photometer  measure- 
ments the  observer  made  measurements  in  selected  parts  of  the 
spectrum,  using  the  equality-of-brightness  method  and  an  illumi- 
nation of  50  meter  candles  on  the  disk,  as  previously  described. 

From  data  obtained  by  other  tests,  when  using  the  flicker 
method  of  photometry',  one  would  expect  to  find  the  obser\'ations 
underestimated  in  the  red  and  overestimated  in  the  blue  as  com- 
pared with  similar  measurements  made  with  the  equality-of- 
brightness  method. ^^  This  is  due  to  the  fact  that  the  sensations 
aroused  by  lights  differing  in  color  appear  to  rise  to  their  maxi- 
i  miun  brightness  at  different  rates  when  using  the  flicker  method. 

/  A  further  investigation  of  this  inportant  question  is  desirable, 

using  a  large  number  of  obser\'ers  and  apparatus  that  remains  in 
exact  adjustment  to  insure  that  some  of  the  phenomena  observ^ed 
are  not  due  to  instnunental  difficulties. 

Of  the  five  subjects  examined  by  Ives,--  (using  an  illumination 
of  250  meter  candles)  one  observer  underestimated  the  red  and 
overestimated  the  blue  (which  is  the  expected  result),  two  over- 
estimated the  red  and  underestimated  the  blue,  one  had  a  s\Tn- 
metrical  curve  and  one  was  indeterminate.  Using  an  illumina- 
tion of  10  meter  candles  upon  the  disk,  all  five  obser\'ers  over- 
estimated the  red  and  underestimated  the  blue.  From  these  data 
it  seemed  quite  probable  that,  for  the  intensity  (50  meter  candles) 
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used  in  the  present  work,  there  would  be  about  as  frequent  over- 
estimation  as  underestimation  in  any  part  of  the  spectnmi  when 
using  the  flicker  method.  Hence,  as  aheady  explained,  the 
flicker  method  was  adopted  to  obtain  the  complete  visibility 
curve,  and  the  question  of  overestimation  or  imderestimation 
was  tested  by  using  the  equality-of -brightness  method  in  selected 
parts  of  the  spectrum  which  are  best  adapted  to  demonstrate  this 
alleged  effect. 

In  the  preliminary  tests  by  the  writers  it  was  fotmd  that  on 
some  days  there  was  an  imderestimation  and  on  other  days  an 
overestimation  in  the  same  part  of  the  spectrum,  when  measure- 
ments were  made  with  the  flicker  method  as  compared  with  the 
equality-of -brightness  method. 

The  results  of  the  present  investigation  are  given  in  Table  4. 
The  mean  value  for  no  observers,  using  the  flicker  method,  differs  but 
little  from  that  of  the  125  observers. 


2IO 


Bulletin  of  the  Bureau  of  Standards 


[Vol.  14 


I 


n 


•n 


1 

a 
1 

o 

1 

0 

d 

1 

CO 

:       ^ 

:       + 

0 

+ 

1 

fvj      0 

+  + 

+ 

1 

o   o 

2  2 

0 
8 

to 

:     ^ 

^ 

0     ^     vO     -- 

s  s  s  Si 

tfl 

o    o 

2  ^ 

0 
8 

0 

0 

s 

00     Ov     0     0 

^  ^  2  S 

t 

a 

1 

<  ** 

vo    oo    00            rs] 
ir    «*5    \o           t6 

\     +    +           + 

-H    00    00            0    o\    01 
<2     °     °^             0     vd     vb 

III       +  +  + 

lO 

+ 

1 

o    o    o          o 

vo    a;    ro           <vi 
M    <^J    ■«-            o 

000  000 

01  0      CM                0      C      0 

CO     ■*•    ro            ro    ro    CO 

0 

CO 

0 

uS 

J? 

Its 

lis 

o    o    o          o 
v£J    in    ro            uS 
5:    ?    5?            ^ 

000            000 
iri    r-'    oi            in    00    tt 
--    0    in           -"S-    — 1    a\ 
CO     CO     CO             ■«--«■     -^ 

0 

1 

0 

CM 

?5 

1 

g 

1 

0    00    -< 
0    in    <m' 

7  1   1 

0           t^oo^           OOMO           \n    -^    ■^    e^    CO    -^ 
d           d-*-«:           -^do           ojoococsij^^ 

7++     +1         ++++++ 

o 
.d 

t 

1 

000 

Hi 

0     000     000     000000 

0            r>icr>o6            rjpvit^            •<^ooo«-<d 

lis 

000 

§  ^  ^ 

VD      t^      00 

0       000       000       000000 

«          r^oooo          r^t^t^           <^c^aoaoo«at 

o 

a 
1 

1 

d 
1 

-a-    0    0 
;5    vb    Pi 

+    +    + 

Wl 

s 

0 

i 

000 

s  ?:  :;? 

C^     C^     C". 

Ill 

0 

000 

t  ^  4 

S      00     00 

t 

d 

1 
1 

i 

+ 

vo           u- 
1              1 

CM 

;        1 

m          00    «n    CO    vo    t~    01 

pj                 00      t-:      10      PJ      Cvj      t^ 
CO              pg     CM     CM     CM     ^ 

+          +    +     1     +     1     + 

1 

0 

0           0 
in           in 

^       J5 

0 

'.            cri 
in 

0           000000 
0             ^     lb     o^     -t"     0     C-' 
0               00     in     ^     CJ     fM     <M 
^                S      ^      (M      -H      CM      <M 

i 

0 

0       0 

0 

0               000000 

(M           CO    oi    vd    CM    pi    ui 

-       S  2  2  ;q  2  s 

0 

1 

5 

1 

■              l£ 

r   1   S 

0 

a 

5 

'  1  ^ 

•si 
s 

c 
oe 

1    i 

■    :       iE 

'<          a 

:      S 

VC 

c 

u- 

c 

VC 

c 

r- 
cv 

VC 

a 
cs 

Pi 

1 

Coblentz  I 
Emerson] 


Relative  Visibility  of  Radiation 


211 


CT> 

^ 

00 

•* 

in      (00 

rH 

tr> 

CO 

a\ 

CO 

o 

o 

o 

CO 

>*■ 

VO 

\n 

«n 

t^ 

« 

W 

o 

o 

o 

00 

tn 

«o 

in 

00 

o 

m 

oJ 

o 

o 

CO 

m 

m 

«Ni 

fO 

CO 

oS 

vn 

rn 

^ 

^ 

in 

^ 

in 

i\j 

+ 

CO 

00 

'-' 

to 

t^ 

00 

t~ 

00 

1 

+ 

I 

+ 

+ 

1 

1 

+ 

1 

+ 

1 

+ 

+ 

1 

+ 

+ 

1 

1 

+ 

1 

+ 

+ 

+ 

1 

+ 

1 

+ 

+ 

+ 

+ 

1 

O 

CVJ 

t~ 

o 

o 

o 

o 

o 

o 

o 

rq 

o 

o 

^0 

CSl 

o 

^ 

t- 

'S- 

o 

o 

^ 

o 

t^ 

t^ 

o 

o 

O 

VO 

e^ 

i^ 

<J^ 

d 

rr> 

o 

Ofi 

CO 

►^ 

w 

<si 

CVI 

VO 

Tf 

e^ 

on 

_i 

r<i 

CO 

fvj 

rvi 

rri 

^ 

r-> 

CO 

R 

CO 

CO 

VD 

m 

vO 

nr> 

o6 

m 

o 

t^ 

a\ 

o 

o 

o 

o 

o 

o 

00 

O 

■<1- 

o 

o 

C<1 

c- 

o 

o 

O 

^ 

o 

o 

o 

o 

•* 

VO 

O 

■<s- 

O 

o 

o 

o 

t^ 

PQ 

rn 

VD 

d 

CO 

nS 

K^ 

^ 

<^i 

ro 

in 

'O 

m 

rT\ 

M- 

^n 

CM 

OC^lC^vOOCOVO'^t^COOfOCO'l- 


^n^no^coT^coooo^ 


t-    •>*•    (?1    ■-< 


+  + 


CO    cs]    CO    VO    lo    o    m 


CN3    in    r-    c<3    •<*• 


OV      00      O      Ol     •*      CO 


Tt-      ■*      PJ      C^      VO 


+  +  I    I    1  +  1    I    I 


+  +I++I    I  +  I+  +  +I  + 


+  +  +  + 


ooooooooooooooooooooooooooooooooo 


CO    CO    ■>*■    -"i- 


t>      O      CO      00      CO      CO 
OO       ■>»-       CO       O       1-H       tV! 

CO    m    m    m    CO    'ti- 


t-.    rq    VO    VO    in 


O      <M      O      O      VO 


OOOOOOOOOVOOOOOOOO 


o    o    o    o    o    o    o 


o    o    o    o    o    o    o 


T-H       VO       CM       Ol 


(M     0^     0^     ■*     CO     O     •<*- 
■<*•    in    o    I--    00    1-H    o 

CO     ■<4-     ■*     t^  CO     CM     t^ 


T— *  o^  t^.  0^  0\  ^-H 
c-j  ■*  r<a  CM  00 
in    CM    m    m    T-H 


Tl-      Ov     t^      CO 


0\     VO     o 


CO     VO     VO 


O      CT.      VO      O      t- 


O      O      CTl      CO 


r-l       t>.       O       ON       CV] 


in    in 
ir~     >-H     iri 


O      O      CO 


t^      (M      O      O      00      VO 


T-1       rt  CO 

+  +  I  +  1 


O      1-1      CO      ON      CM      OO      Tl- 
■<1-       CO       r-1  CO 

+  I  +  +  +  + 


CO    in 

^     VO 

I  +  + 


00     O     CO     O     Ti- 


+  +  +   1    I 


vD    in 

r-1       CM  rH       tT 

I    I  +  +  I 


ooooooooooooooooooooooooooooooooo 


oot^inoocovDOV'-i 


CMOfM-*-VOT-ICMO 


CN      00      00     t^ 


VO    o    r^    VO    in    o 


00    a\    t> 


ooooooooooooooooooooooooooooooooo 


O  O  ON  VO 


in  o  VO  Tj- 


ON  in  00  CO 
VO  CM  ,-1  o  o  in 


a^t^aN^nc3NONtMTi-ooo^-l0^l:^ 


ropc!i>-invooNOOco 
oovoco<:Dlnoo^^ 


CJN  CO  00  i>- 


Tl-  VD  CM  vO  T(-  vO 
00  VD  00  CM  VD  (M 
t^  t>.  !>.   VO   00   ON 


O      00      O      O 


O     vO      O      CO 


t-       rH       O       O 


VO      -i^     t^ 

VO    in 


1    I 


VO    o 

+  + 


CNCMOt--CMTj-co<jN 


T-l  Ol         T-H  O 


m    CO    o    CO    oD    in    th 

+  +  +  +1++1    I++I    l  +  i+  +  + 


+  I    I  +  +  +  + 


o    o    o    o 


oooooooooooooooooooooooooooo 


O'*C0CM^CMt~-CMv0OC0VDOin 


^      CM      ON      lO      •*      .. 

t^00J>J>t>»vovOvOio 


CMVOt-CMinvO-^rHt^ 


OnvOt-HONCMVOCMOCTiI^^ 


t>      C~     1>-     t^      t>     t^ 


t^0OI>t^t~t^t>t>.C-- 


oooooooooooooooo 


oooooooooooooooo 


CO      ON 

~      rt- 


moocMONTt-ooinin 


VO  VO  CO  o  o 


ON   t>   O   O   T-H 


CM  in  o  t^  tr^  O 
ON  t^  ■*•  in  c^  CO 

■<*•   (M   tH   VD   VO   ^ 


oo  m  O  t^  t; 


ON  vo  in  00  !>. 


rl-   ^   O   O   vO 


t^   CM   ON   t^   ^ 

in  CO  in  in  in 
m  m  CM  00  >-> 


VO  CO  00  in 

i-H   CM   CO 

I  +  I  + 


I  + 


VO  o  c^  o  c~ 


+  I  +  +  I  +  +  + 


+  + 


VO  •* 

+  + 


I  +  + 


cq  t^  ^  CO 

I  +  +  + 


o  o  o  o 

CO  tH  00  -H 

CM  VO  VO  r-l 

CM  C<1  pa  CM 


o    o 

VD         T-i 


o    o    o    o    o    o    o 
i>:    CM    ON    d    o6    in    Ti^ 

VO       CO       O       r-l       •<*•       CJN       ON 


o    o    o    o    o 


rH    o    Tj-    t^    m 

CM      CVI      CO      ^      CM 


o  o  o  o 

CM  vb  VD  in 

■*  C^  TJ-  CO 

CM  »-H  CM  CO 


o    o    o    o 


ooooooooo 


cQ    ■^    cva    CM 


o  o  o  o 

^'  cvi  vd  d 

m  00  00  CO 

CO  CM  CM  CM 


o    o    o    o 


6 


;SSS^ 


o  o 


;  ^  a  ^  H  n  ^ 


J  ^  w  ^  ^  w  s 


^  d  hA  ^  h;  n  W  d 


Spqdtri>Ms'dKidfx;<wdpmwSp;w^nfx;< 
^p;d<udp^d 


tii^UHnoiciii-i^piUHn 


212 


Bulletin  of  the  Bureau  of  Standards 


[Vol.14 


9» 


-o 

.9 

3 

EQ 

C 

0 

■*-» 

a; 

o 

4> 

I 

ed 

<u 

w 

S 

1-1 

§ 

CO 

I. 


^ 

t^ 

"J- 

«t 

CO 

./I 

f- 

0 

00 

ri 

■<• 

CM 

1^ 

CM 

vO 

ov 

\r, 

r^    00 

00 

m 

-q- 

ov 

VO    m 

J 

00 

ro 

a« 

r^ 

0 

,M 

^ 

CO 

_^ 

0 

CM 

vn 

S 

CO    in 

'^ 

'" 

'^ 

"-• 

ov 

:j. 

^l 

+ 

1 

1 

1 

+ 

+ 

+ 

-1- 

+ 

+ 

+ 

1 

+ 

+ 

+ 

1 

+    + 

1 

+ 

+ 

1 

+    + 

• 

w 

00 

0 

<M 

00 

0 

t^ 

0 

•♦ 

to 

0 

0 

0 

o> 

0 

^ 

•* 

0     CM 

0 

to 

0 

m 

•♦    01 

% 

^ 

JS 

0 

00 

^ 

s 

S 

s 

CM 

S 

S 

§ 

S 

^ 

d 

S 

s 

s  s 

vb 

s 

^ 

;? 

S  ?5 

(« 

lis 

(V) 

CO 

^ 

» 

0 

00 

0 

Ov 

0 

0 

0 

0 

0 

0 

0 

cy> 

0  0 

CM 

0 

0 

0 

ov     0 

_■ 

iri 

u-> 

^ 

pj 

„ 

s 

in 

•n    lb 

o-XJO 

K<S 

"c 

■*• 

^ 

0 

0 

0 

«ft 

* 

•«• 

\n 

0 

ov 

(M 

0 

0 

VO 

CO 

00 

■♦ 

CM 

t^ 

«n 

•*■ 

in    m 

4> 

^ 

^ 

CO 

00 

CT> 

ro 

Ov 

f^ 

CO 

CO 

00 

CO 

CM 

CM 

00 

ov 

on 

r^ 

0 

m 

r^ 

d   CO 

<" 

CO 

—• 

c>. 

■* 

pg 

'-' 

"«• 

CM 

■«• 

•* 

4> 

+ 

+ 

1 

1 

+ 

+ 

1 

+ 

1 

+ 

+ 

+ 

+ 

+ 

+ 

1 

1 

+ 

1 

+ 

+ 

1 

+    + 

w 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0   0 

5 

Jid 

<M 

^^ 

fO 

^ 

^ 

00 

^d 

CVJ 

r~ 

f 

^ 

vr> 

VO 

C^ 

0 

ir, 

vn 

m 

<r> 

vr> 

t^ 

<M 

--    m 

CO 

CO 

-n 

OV 

•«• 

vn 

in    t~ 

a 

JH 

CO 

It 

CO 

CO 

■♦ 

CO 

CO 

■«• 

-* 

■^ 

■«■ 

CO 

CO 

•«■ 

T 

CO     to 

U, 

^ 

lis 

0 

0 

■* 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0    0 

CM 

r^ 

(vi 

nr> 

vn 

8 

^ 

cri    06 

S 

r^ 

II- 

■* 

•<t 

■«■ 

■«■ 

OV 

•* 

vt) 

■«■ 

in 

-^ 

•«•    m 

c 

0\ 

0\ 

00 

VO 

tn 

VO 

00 

■«■ 

0 

0 

CO 

^ 

VO 

Ov 

^ 

00 

>n 

CO 

CO 

0 

CO 

^ 

CO 

00     0 

9) 

CO 

06 

uS 

d 

r>. 

c* 

fO 

^ 

CM 

m 

^ 

VO 

VO 

m 

^ 

l.^ 

vb 

ov 

ss 

Oh 

VO 

+ 

+ 

1 

1 

+ 

1 

1 

+ 

1 

1 

+ 

+ 

1 

1 

+ 

+ 

1 

4-    + 

+ 

1 

-i- 

1 

+  + 

00 

d 

u 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0    0 

A 

.M 

o\ 

VO 

t^ 

s 

0 

o\ 

vn 

r- 

<NJ 

VO 

00 

0(> 

<M 

00 

.^ 

\rt 

^ 

.^ 

ov 

0 

00 

t^; 

CO 

s  ^ 

CTV 

<-> 

CO 

n 

vn 

on 

1 

c~ 

00 

c^ 

00 

00 

00 

00 

00 

00 

00 

t^ 

00 

t^ 

■^-a 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0   0 

^ 

=S^S 

s 

l/> 

^ 

^ 

^ 

^ 

CTv 

j^ 

s; 

g 

00 

VO 

0 

m 

00 

00 

■*• 

00 

VO 

ov     0 

o-^  a 

•-< 

"^ 

w-s 

•5 

^ 

0 

CO 

00 

0 

^ 

\n 

^ 

m 

■«■ 

VO 

0 

to 

^ 

00 

Ov 

OV 

^ 

<o 

^ 

0 

0 

VO 

0     CM 

« 

(^ 

ON 

r* 

t>; 

^ 

00 

d 

<7. 

t^ 

J,; 

^ 

<M 

^ 

d 

vb 

vb 

<i  " 

"^ 

'-' 

•^ 

.^ 

S 

+ 

1 

1 

1 

1 

+ 

1 

1 

1 

+ 

+ 

1 

1 

1 

+ 

+ 

1 

+    + 

+ 

+ 

+ 

1 

+     + 

5 

P^ 

^ 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0     0 

^ 

Q 

_H 

^ 

o> 

0 

■♦ 

<7> 

vfi 

^ 

CJV 

^ 

00 

VO 

0 

vO 

s 

^ 

in 

in 

cvi 

0 

VO 

ir 

0     ^ 

wn 

CO 

00 

c 

JH 

00 

t^ 

VU 

i^ 

C^    c* 

£ 
§ 

u> 

^ 

i%'. 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0    0 

t^ 

0 

^ 

0 

00 

VO 

^ 

CO 

^ 

« 

t>; 

CO 

v^ 

S 

ov    r» 

&A  a 

w-s 

"5 

t^ 

0 

iO 

n 

0 

vn 

r~ 

VO 

0 

CM 

0 

VO 

CM 

0 

0 

VO 

0 

CO 

t>. 

vO 

VO 

^    0 

4) 

0 

»n 

_ 

>n 

^ 

•* 

^ 

CM 

wS 

CM 

■*■ 

on 

00 

^ 

d 

,^ 

CM 

♦ 

CM 

^ 

r^ 

d   t> 

^S 

en' 

+ 

j- 

i 

1 

1 

+ 

+ 

+ 

+ 

+ 

1 

1 

1 

+ 

1 

1 

+ 

+ 

I 

+ 

+ 

I     + 

P* 

^ 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0    0 

.a 

M 

^ 

\n 

s 

g 

^ 

uS 

^ 

cvi 

T 

00 

ov 

ja 

CM 

CVJ 

CM 

(M 

CO      CVJ 

S 

f^ 

III 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0     0 

to 

s 

CO 

OV 

CO 

CO 

CM 

vO 

0 

8 

CM 

^ 

^ 

<M 

CM 

.^ 

(M* 

vO 

uS 

•*■ 

t~> 

^     » 

o-A  O 

W^ 

S 

I 

: 

j 

: 

i 

i 

1 

J 

i  i 

& 

. 

. 

. 

!    : 

1 
0 

• 

• 

•    ■ 

CO 

n 

CO 

CO 

i 

H 

fi> 

CO 

CO 

0 

CO 

< 

CO 

& 

CO 

Q 

CO 

n 

S 

CO 

:^ 

J  (■; 

» 

u 

u 

» 

^ 

J 

di 

n 

J 

< 

\4 

CO 

0 

«• 

J 

^ 

S 

h) 

^ 

P6 

hJ 

•— 1 

ta 

Q  >* 

Q 

^ 

0i 

s 

0 

^- 

< 

ta 

m 

^ 

0. 

n 

H 

J 

*A 

« 

0 

Q  0 

a 

o; « 

Coblentz  1 
EmersonA 


Relative  Visibility  of  Radiation 


213 


0 

0 

0 

t^ 

<^ 

■* 

t-4 

N 

0 

0 

to 

t>. 

CO 

0 

0 

t^ 

CO 

^ 

VO 

o\ 

■* 

0 

0 

>n 

CM 

CM 

0 

■* 

o\ 

m 

00 

0 

vn 

in 

0 

,-i 

rA 

0 

PQ 

in 

t>; 

<si 

^ 

,J, 

0 

CO 

rS 

CVJ 

00 

-"I- 

iy 

■^ 

1^ 

CM 

1 

+ 

+ 

+ 

+ 

1 

+ 

+ 

1 

+ 

+ 

1 

1 

+ 

+ 

+ 

1 

1 

+ 

+ 

+ 

+ 

+ 

+ 

1 

1 

+ 

+ 

+ 

+ 

1 

00 

^ 

0 

^ 

0 

in 

^ 

0 

0 

0 

0 

0 

0 

0 

^ 

t> 

o» 

0 

00 

VO 

Cvj 

VO 

0 

C>s! 

a\ 

CM 

CO 

CO 

0 

o\ 

0 

CM 

<o 

0 

10 

(Tl 

rj 

Tj- 

in 

^n 

0 

VO 

r^ 

^ 

•<1- 

<7^ 

o< 

<vj 

0 

CT> 

vn 

VO 

^ 

on 

0 

(^ 

d\ 

m 

CO 

CTi 

m 

TO 

rr\ 

>o 

0 

00 

t> 

00 

o\ 

00 

c\ 

00 

IT) 

0 

0 

0 

0 

co 

^ 

0 

CO 

0 

0 

0 

N 

0 

0 

0 

(M 

CO 

in 

0 

0 

0 

0 

0 

0 

VO 

0 

<o 

0 

0 

^ 

CM 

rf, 

0 

rvi 

ro 

vri 

^ 

m 

rH 

0 

in 

^ 

cm' 

0 

rS 

^ 

•* 

00 

m 

VO 

on 

Tl- 

CO 

O     VO     O     00     Y-i     ON 


Ov     l>-     C7>     1-1     CM     VO 


CM    vn    o    •* 


VO      00      O     VO 


TTOOvOOCOOi-l 


O      VO      CM      •'l- 


CO     CM      t> 


CJN      Ol     i-H      CM 


Tj-      VO      CO      O 


+     +       I        + 


I  I        +     +      +        I        +     +      +       I 


+  +  +  +  +  +  +!     i    +    l 


O     CO     Tf     o 


I    I  + 


0000000000000000000 


00000 

rf      CJV      Co'      CM      vd 


o    o 
.-<    t--'    in 


0000 


»-4t^O'*i-Hr-l.-IOOCOVO 

r>.cMr--o\o«MOvoCTi->J- 

COCO'^COTfCOrt-CO-'l-'tJ- 


O  CM  ^  ^ 
Tl-  VO  Ti-  00 
CO      CO      CO      CO 


VO      CO     CM 
O      OS      VO 

■^^    CO    CO 


OOOOOOOOOOOOOOOOOOOOOOOOOOOvOOOO 


1-1      CTv      VO     -"S-     Th      "l- 

r~.    o    -<i-    CM    in    m 
CO    m    00    CO    m    CM 


t^<Mc7v<Ma\o«Minm 
incMinc^oi>-vooovD 
cococMininincoinia- 


in  00  CM  CO  Tf 


000 
CO  00  in 


CO   r-l   ■^   CO   CM   OV 

in    CO    »-H    ON    CO    C7V 
cococMcoTt-mvomvomcM  vDc-amcOr-t 


ONcO'«rt^ooNeoint^ 


CO  m  On  m 


00   ON   C<J   CO   VO   VO 

ON  CO  r-^  CJN  06  CO 

r  T  I "? 


VO  •*  CO  t-< 


00   »-H   CM   t^  O 

CO       i-H  CO   1-" 

I  +  I    I  + 


.-I  T-i  eg 
I   +   I 


oinoco'<l-i-(oovo 


+   I   I 


+   I   I 


CO   CM   i-H 

I    +    I    +   +    I    +   + 


I     I    + 


000000000000 

*vdc3\o6vDt^vot>;oin 
ot^oinov-'^-cMxt-o 

r-.O\0000C^00C^C7l0000CT»Ov0000 


000000000000000000 


CO    in    CM    .-I 


00     CM      VO      CM      VO      >0 


ON    o    t^    m 


ooomTt-TtTt-oo-HONi^^^ 
vooooo<-iovocoint-.cocMco 


t>    t^    t^    c^    t^ 


0000000000000000000000000000000000 


CO      VO      tT 


_.         -^         -T^ONCOvD•^^0000VO0000t-l 

ooocjNi-~vDvO'>i-r^voro^t~-»i- 


■»i-ovt^inooovoovooN 


VD     00     vO     t>. 


TfvDo>oovooinvococM.-(oo-<i-t--inin 
mvoir^cTit^cooN'-icoinoin'-tmoio 
inoNincoooi>ooc7>voT-(vocooNc^c^o 


cMc^JO■^^ONvOl-l•*^~lnovoc^ 


CM   O  CM   O  CO   00   CO 


■^»-tTf'*CslCOON'^CM.-<COin»HVOCMCO 


CM  VO  o  >n  VO  VO 


O  CM       .-I   CO 


+  +  +  I    I 


I  +  +  +  +  I    I 


I    I  +  +  I  +  +  i 


I  + 


I    I 


00000000000000000000000000000000 


m-^ONCJNOONr-ICMCM 

cocomt^t^^"""" 


00  m  CO  o  t^ 

VO  t^  t^  t^  VO  C^ 


1-1  O  00  o 
t^   O  VO   C^  t^ 


CO   00   00  ON 


c^  t^  t^ 


VO  c^  t^  t^ 


00000000000000000000000000000000 


voe3NCMOOvOt--COt~-t~.COON1^vO■*•^r-^ 


CM      .-<      i-l 


CO    CM    en    o    -"^    in 
VO    VO    ON    m    00 


VO     ON     CO     t^ 


t^    m    CO    o    VO 
VO    VO    i>-    in    m 


C<I      C3N      00     CM 

o    vn    o    ON 


VO    00    m    ON    t-    o 


in    ■^    o    VO 


CO    00    o    '<^ 

On     ON     ON     CM 


4-  +  +    I 


+  I 


o    00    T»-    in 


I       I       I     +    + 


+    1+4- 


0000 


0000000000 


0000 


^     O     CO     o 


Tf-Ti-ininoNOOvO'-ioo'M 

CMCMCvlC<I.-lCMCvICsIt-tOJ 


O      •*      00      CJV 


0000 


0000000000 


0000 


rH  !>.  CM  in 
CO  m  o»  o 
m    CO    csj    cvi 


T-II>.-*-^O-^00V0 


T-(     CM      O     CO 


m  p^ 


W  CO 


_  y  w  w  a;  s  w 

II;  h;  «  <  d  a  p4 
toPkHWwddoHQPH 
59467°— 18 4 


§ 


M 


<m«Q;ziHwM 


W 


W  w  |ij  d  M 
PQ  d  «  ^  d  M 


p,  «  m  p^ 
^  (/)  W  <  c/5 


M    CO 


<  d  W  W  CO  »-;  <  d  ^  «<  d  H  <  m  6  fC  a  w  w  w  ^  S  w 


214 


Bulletin  of  the  Bureau  of  Standards 


[Vol.  14 


CO 

r>     .9 

S     42 

c     a 

o       a> 

4-   s 

CO        w 

S   s 

s 

J 

I 


fsi 


§ 

& 

i 


^ 

m 

0\    r^ 

-• 

0 

a 

VO 

CI 

uS 

>b    N 

uS 

s 

ov 

« 

CM 

In    ■«• 

J^ 

<;; 

1 

+    +      1 

+  +  + 

2 

£ 

0 

fc< 

0 

0    >fl 

<M 

0 

oc 

0 

t* 

•-< 

fl 

1 

§ 

9>     tr~ 
00     » 

o\ 

2 

2 

f;: 

^ 

^ 

«j 

ij 

3 
h 

^ 

SJ 

V 

a 

til 

0 

0     0 

00 

0 

a 

0 

«    1       f^ 

^ 

rS 

•^     C 

csi 

0 

vC 

uS 

^ 

0 

0     ^ 

f^ 

OV     t^ 

N         1 

g^s 

f-l      1 

w-s 

-g 

»M 

00     XC 

^ 

^ 

VO 

^ 

4> 

00 

J^     S 

pq 

cy 

01 

OO 

<J  " 

CM 

«r 

s 

1 

+     +       1 

+    +     1 

d 

PU 

s 

0 

000 

000 

«  1 

0 

5 

f^ 

t^     •- 

^ 

d     so     ^t^ 

in 

^ 

^ 

■«• 

u->     « 

t^ 

f 

Ov      CM 

(?v 

0 

J2 

(li 

■«^ 

cr>    n    m 

' 

fM      •»!■ 

"1  ^ 

0 

i 

1             ^ 

m 

>>J. 

0 

0    0 

0 

0 

c 

0 

^ 

i             '■ 

^ 

l.§s 

•* 

vb 

•» 

00 

•^  1     -^ 

<T 

00 

■* 

3'C  4> 

CO 

-tr    ■« 

m 

VO 

c 

CO 

■«■     i 

o-^  0 

i 

w-s 

1 

c 

a\ 

■^     VC 

^ 

w 

r>.    o> 

K 

(vi 

^    m 

00 

^ 

pj 

^ 

a; 

CM 

«^ 

+ 

1 

+      + 

+        1 

1 

ss 

! 

d 

^ 

0 

c 

c 

0 

0 

c 

0 

"^ 

0 

1 

JS 

0 

\C 

a 

06 

DC 

oc 

06 

c 

06 

■«■ 

ON       0 

>* 

t- 

es 

0 

s 

00 

t^   t> 

t- 

OC 

t>.    00 

K 

w 

« 

PE, 

^ 

J 

0 

1 

VC 

>>J. 

0 

0    c 

0 

c 

c 

0 

„ 

0 

I§s 

c6 

u-j      v£ 

u~ 

oc 

06 

IT 

-t 

■<1- 

00      C~ 

vC 

c 

VO 

&5S 

o\ 

t^     9 

00 

c 

t>  t- 

« 

w-s 

fl 

0 

c 

CTV 

"O- 

«r 

PO 

~ 

R 

00 

\r 

■<* 

uS 

en 

CTv 

<" 

CM 

CM 

» 

^ 

PJ 

<o 

1 

+    +    + 

+    +    + 

d 

Pi 

kl 

0 

C 

0 

0 

0 

0 

0 

N 

0 

5 

•i 

0 

u- 

VC 

cvi 

o> 

CO 

f. 

06 

ro 

■««■ 

VC 

00 

<v 

c 

PJ 

\n 

S 

ii 

r~ 

oc 

r- 

t^ 

r^ 

oc 

t^ 

t> 

5 

c^ 

iJ 

S 

S 

0 

>>J. 

0 

c 

0 

0 

0 

a 

0 

oe 

^ 

^ 

lis 

tvj 

t«. 

r^ 

uS 

c 

uS 

9 

4- 

in 

0 

00 

CO 

p< 

ST^  « 

VO 

0    t^ 

Ov 

CTi 

C31 

g-£>a 

'-I 

K-S 

1 

"2 

^ 

VO 

» 

0 

« 

a> 

cr> 

(* 

ve 

•* 

cy 

<!  " 

m 

CM 

f^J 

^ 

J3 

1 

+    +    + 

+    : 

d 

P< 

b 

0 

c 

0 

0 

0 

•» 

0 

^ 

cri 

w 

r- 

(M 

CM 

v£ 

ui 

"§ 

<n 

PJ 

pq 

ii 

PO 

C2 

CN 

?a 

P^ 

v5 

CM 

£ 

£ 

^ 

1 

>«j. 

0 

c 

0 

0 

0 

CO 

^ 

i§i 

S 

f 

? 

c 

3  w  « 

<»5 

CNJ 

? 

o-ija 

W-s 

: 

^ 

a 

0 

■ 

tt> 

^ 

0         S 

1 

0 

n 

^ 

pi 

% 

s 

0" 

9 

s 

<3   1 

1 

•-) 

^ 

Cfi 

0* 

p 

^ 

CO 

•-^ 

(X. 

S 

•-^ 

(V 

p. 

^ 

^ 

1 

i 


Emerlon]  Relative  Visibility  of  Radiation  215 

The  observations  using  the  equaUty-of -brightness  and  the  flicker 
photometer,  obtained  at  a  given  wave  length,  are  arranged  side 
by  side  in  order  to  faciUtate  comparison.  From  this  table  it  is 
to  be  observed  that  there  is  no  regularity  in  the  over  or  under 
estimation  (of  equality  of  brightness  as  compared  with  the  flicker 
photometer)  at  the  same  wave  length  or  at  different  wave  lengths 
on  different  days.  For  example,  the  visibility  reading  of  one 
observer  (W.  W.  C.)  at  0.623/jt  was  41.6  per  cent  of  the  maximum 
visibility  by  the  equality-of -brightness  method  and  43.6  by  the 
flicker  method,  or  an  underestimation  of  4.6  per  cent  by  the  equal- 
ity-of-brightness  method.  Two  days  later  these  measurements 
were  repeated,  giving  an  overestimation  of  3.8  per  cent,  which 
would  be  expected  from  psychological  data.  However,  the  sum 
of  all  the  measurements  (Table  4,  imderestimation  in  per  cent  is 
minus  (  — )  and  overestimation  is  plus  (  +  ),  is  practically  zero. 
That  is  to  say,  the  visibility  curves  obtained  by  equality~of -bright- 
ness and  by  flicker  photometry  are  the  same  for  this  observer.  It 
is  to  be  noted,  however,  that  in  the  midst  of  these  very  closely 
agreeing  settings  there  are  very  erratic  ones  deviating  20  per  cent 
or  more,  although  they  were  made  in  a  region  of  the  spectrum 
(0.5876)11)  where  there  was  the  least  color  difference  in  the  two 
sources  of  light.  Some  observers  (e.  g.,  W.  C.  B.),  without  having 
had  previous  training  in  photometry,  made  very  closely  the  same 
settings  by  these  two  methods  of  photometry.  Other  observers 
made  very  erratic  settings  (e.  g.,  J.  W.  S.),  which  were  different 
(c.  f.,  F.  P.  P.  and  C.  G.  P.)  as  regards  overestimation  and  under- 
estimation on  different  days. 

In  the  yellow  (X  =  o.5876/x)  there  are  about  as  many  observers 
who  overestimated  as  underestimated  in  making  the  photometric 
settings,  and  the  magnitude  of  the  variations  (o  to  50  per  cent) 
are  within  reasonable  limits.  In  the  blue  and  in  the  red  ends  of 
the  spectrum  a  greater  number  of  observers  overestimated  than 
underestimated  their  equality-of-brightness  settings.  Moreover, 
the  magnitude  of  this  overestimation  varied  from  5  to  500  per 
cent.  These  variations  in  the  photometric  settings  by  different 
observers  are  out  of  all  proportion  as  compared  with  similar  set- 
tings made  with  the  flicker  photometer,  and  it  is  not  a  fair  test  to 
take  the  mean  of  the  under  and  over  estimated  values. 

The  mean  values  of  the  equality-of-brightness  measurements 
(Table  4,  corrected  for  slit  width)  are  indicated  by  the  large  crossed 
circles  in  Fig.  14.     If  we  admit  that  such  settings  have  a  definite 
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meaning,  then  the  visibility  of  radiation  cur\-e,  for  the  central 
retina,  obtained  by  the  equality-of-brightness  method  of  photom- 
etry is  higher  in  the  red  and  in  the  blue  (just  the  opposite  from  the 


expected  ^*  result)  than  the  one  obtained  with  the  flicker  pho- 
tometer, and  its  maximum  lies  at  shorter  wave  lengths  (0.55^)  than 
obtains  for  the  flicker  method.     Although  this  tentative  conclu- 
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sion  is  substantiated  by  the  direct  measurements  and  by  the  total 
number  of  persons  who  overestimated  in  making  the  settings,  it 
is  evident  that  a  far  greater  number  of  persons  must  be  examined 
before  exact  conclusions  can  be  dravm. 

As  already  stated,  most  of  these  observers  objected  to  making 
the  quality-of -brightness  settings,  saying  that  no  meaning  could 
be  attached  to  such  measurements  and  that  it  was  all  guessv/ork, 

13.  EFFECT  OF  AGE  UPON  VISIBILITY 

It  is  well  known  that  the  absorption  of  the  ocular  media  is 
highly  selective  in  the  blue  and  violet  and  that  this  absorption 
increases  with  age.^^     The  age  of  the  majority  of  the  subjects 
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Fig.  15. — Comparison  of  observed  and  computed  data;  also  the  effect  of  age  upon 

visibility 

examined  was  between  22  and  32  years,  and  the  question  has  been 
raised  whether  the  average  curve  of  those  persons  who  were  above 
40  years  of  age  is  markedly  different  from  that  of  the  younger 
subjects.  The  present  investigation  contains  14  subjects  who  were 
40  or  more  years  of  age.  Their  average  visibility  curve  is  given 
in  Fig.  15. 

Of  this  number,  the  grouping  of  the  visibility  curves  is  as  fol- 
lows: I  wide,  I  blue  sensitive,  2  green  sensitive,  4  normal,  and  6 
sub-blue  sensitive.  This  group  is  conspicuous  for  its  lack  of  red 
sensitives  and  its  large  number  of  subnormal  blue  sensitives. 
From  this  large  number  of  subjects  (which  is  half  of  the  total 
number  examined,  see  Table  3,  who  have  a  low  sensibility  in  the 
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blue)  it  would  appear  as  though  the  effect  of  age  should  be  con- 
sidered in  deciding  upon  an  average  visibility  curve  in  the  blue 
and  violet  pai-t  of  the  spectrum. 

It  would  be  of  interest  to  study  a  group  of  obsen^ers  whose 
occupation  requires  working  under  artificial  light  of  a  definite 
color  (e.  g.,  in  photographic  work,  such  as  the  manufacture  of 
photographic  materials)  to  determine  whether  prolonged  exclu- 
sion of  parts  of  the  visible  spectrum  has  any  effect  upon  the  visi- 
bility cur\^e. 

V.  THE  VISIBILITY  CURVE  OF  THE  AVERAGE  EYE 

The  visibility  data  of  the  average  eye  is  based  upon  the  mean 
value  of  the  obser\^ations  of  125  subjects  given  in  Table  i.  Two 
of  these  subjects  confused  colors,  but  their  visibility  curves  do 
not 'differ  much  from  the  curves  of  the  red-sensitive  observers, 
some  of  which  did  not  show  color  blindness  by  the  Nagel  color- 
card  test.  The  omission  of  these  two  observers  would  lower  the 
average  visibility  curve,  at  most,  by  less  than  0.3  per  cent  in  the 
red. 

In  order  to  simplify  the  computations,  three  correction  factors 
were  omitted  in  computing  the  individual  cm-ves.  These  correc- 
tion factors,  therefore,  are  to  be  applied  to  the  average  cur\^e. 
The  most  important  correction  to  be  applied  is  due  to  the  selec- 
tivity of  the  response  of  the  eye  for  energy  of  different  wave 
lengths.  In  other  words,  a  correction  is  to  be  made  for  change 
in  slope  of  the  visibility  curve.  For  this  purpose,  for  the  inten- 
sities used,  the  response  of  the  retina  for  a  stimulus  of  a  given 
(color)  w^ave  length  and  for  the  adjacent  wave  lengths  comprised 
in  the  slit  image  may  be  taken  proportional  to  the  intensity  of  the 
stimulus  as  shown  in  Fig.  2.  Furthermore,  for  any  given  inten- 
sity the  response  of  the  retina  is  proportional  to  the  mean  visi- 
bility of  the  energy  passing  tlirough  the  observing  slit.  The  visi- 
bility curve,  therefore,  is  to  be  corrected  for  change  in  slope  by 
applying  a  slit-width  correction  similar  to  the  Rmige  ^^  formula 
used  in  spectral  radiation,  but  with  this  difference  that  the 
function  involved  is  visibility  (V\)  instead  of  radiation  (EyJ.  In 
other  words,  the  Runge  formula  is  applied  in  the  form 

V  (X)-i/6  F'  (X)+  .   .  .  (i) 

This  correction  is  most  effective  in  the  sharp  bends  in  the  visi- 
bility curve. 
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A  correction  is  applied  also  to  make  the  zero  of  the  scale  reading 
correspond  with  the  minimum  light  transmission  through  the 
crossed  Nicol  prisms.  This  correction,  amounting  to  o?.i,  was 
determined  at  the  start,  and  therefore  might  have  been  incorpo- 
rated with  other  data  used  in  reducing  the  various  visibility 
curves. 

A  further  corrections^  is  applied  to  eliminate  the  effect  of  spec- 
troscopic field  light  (scattered  light)  which  is  perceptible  in  the 
extreme  blue  and  red  ends  of  the  visible  spectrum.  As  discussed 
elsewhere  in  this  paper,  this  scattered  radiation  has  no  effect 
upon  the  radiation  measurements,  but  it  has  a  measurable  effect 
upon  the  visual  measurements  in  the  red  end  of  the  spectrum. 

This  correction  to  the  visual  measurements  was  determined  by- 
making  the  visibility  observations  with  and  without  absorption 
screens  of  blue,  Crookes's  sage-green,  and  Coming  signal-red 
glasses.  The  transmissions  of  these  glasses  were  accurately  de- 
termined by  means  of  a  photoelectric  cell,  a  spectrophotometer 
and  a  spectroradiometer,  in  which  care  had  been  taken  to  screen 
off  the  scattered  radiation. 

In  the  blue  (0.45  to  0.48^1)*,  and  in  the  green,  (o.52jit),  the  visi- 
bility measurements  were  not  affected  by  absorbing  the  scattered 
light.  But  in  the  red  the  visibility  measiirements  required  a 
correction  which  increased  quite  uniformly  from  i  per  cent  at 
o.65iLt  to  28  per  cent  at  0.75JU. 

The  visibility  curve.  Fig.  14,  resulting  from  making  these  correc- 
tions differs  but  little  from  the  uncorrected  curve.  These  data 
are  given  at  the  bottom  of  Table  i .  In  Table  5  these  data  are  given 
for  the  even  wave  lengths,  read  from  the  visibility  curve. 


TABLE  S 
Average  Visibility  for  Even  Wave  Lengths 


Wave 
length 

Average 
visibility 

Wave 
length 

Average 
visibility 

Wave 
length 

Average 
visibility 

Wave 
length 

Average 
visibility 

0.400 

0.010 

0.490 

0.194 

0.580 

0.898 

M 

0.670 

0. 0338 

.410 

.017 

.500 

.316 

.590 

.800 

.680 

.0178 

.420 

.024 

.510 

.503 

.600 

.687 

.690 

.0085 

.430 

.029 

.520 

.710 

.610 

.557 

.700 

.  0040 

.440 

.033 

.530 

.862 

.620 

.427 

.710 

. 00203 

.450 

.041 

.540 

.954 

.630 

.302 

.720 

.00097 

.460 

.056 

.550 

.994 

.640 

.194 

.730 

.00048 

.470 

.083 

.560 

.998 

.650 

.115 

.740 

. 00028 

.480 

.125 

.570 

.968 

.660 

.0645 

.750 

. 00020 
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It  is  relevant  to  add  a  few  remarks  in  regard  to  the  energy 
measurements.  In  view  of  the  diflSculties  involved  in  eliminating 
stray  light,  etc.,  the  present  \\Titers  have  adopted  the  radiation 
measurements  made  with  the  apparatus  used  in  the  present  inves- 
tigation, because  they  agree  with  the  measurements  *^  made  with 
two  other  kinds  of  spectroradiometers,  one  of  which  (the  mirror 
spectrometer)  is  perfectly  achromatic  and  is  free  from  stray  light 
introduced  by  the  lenses.  In  view  of  the  fact  that  our  visibility 
ciu-ves  differed  in  the  red  and  in  the  blue,  Dr.  Xutting  very  kindly 
submitted  the  acetylene  burner  used  in  his  visibility  measure- 
ments. The  energ}-  distribution  was  found  the  same  as  in  the 
burner  used  in  the  present  work,  instead  of  agreeing  with  the 
standard  spectral-energy  cur\'e  of  acetylene  previously  published,*®** 
which  was  much  higher  in  the  red.  From  data  subm.itted  it 
appeared  that  the  energy  measurements  were  in  coincidence  at 
0.5 i/x  and  0.56/x,  but  from  i  to  3  per  cent  too  high  (all  within 
experimental  errors  and  possible  stray  radiation  between  these 
two  points,  which  depressed  the  visibility  cur\'e  below  the  present 
cur\'e  by  amounts  var\'ing  from  i  to  3  per  cent).  Making  this 
correction  brings  the  two  visibility  *cur\^es  in  exact  coincidence 
throughout  the  cur\'e  on  the  short  wave-length  side  of  the  maxi- 
mum. Applying  the  spectral-energ}^  distribution  of  acetylene 
recently  determined,  instead  of  the  older  determinations  (which 
applied  to  a  flat  flame  viewed  edgevrise) ,  which  were  much  higher 
in  red,  the  visibility  curve  is  raised  to  close  coincidence  with  the 
present  cur\^e.  (See  Fig.  14.)  The  slight  difference  at  o.6o/x  to 
0.62/x  may  be  due  to  the  large  number  of  very  green  sensitive 
subjects  foimd  in  Nutting's  work.°  The  present  visibility  cur\^e 
would  be  still  higher  in  the  red  if  this  investigation  had  been 
terminated  after  the  examination  of  the  first  24  individuals,  of 
whom  about  one-fourth  were  red  sensitive. 

As  indicated  in  Table  4,  the  visibility  cur\'e  of  about  no  sub- 
jects is  in  ver>^  close  agreement  with  the  average  curv^e  of  the  125 
subjects  in  the  blue  and  the  green  and  differs  from  it  by  less  than  i 
per  cent  in  the  yellow  and  the  red. 

The  visibility  cur\'e  obtained  by  Ives,-^  Fig.  14,  is  somewhat 
higher  in  the  blue  and  lower  in  the  red.  Xo  direct-energy  meas- 
urements were  made,  the  energy  distribution  having  been  obtained 
by  computation  on  the  assumption  that  the  source  (a  tungsten 
lamp)  had  a  certain  temperature.     The  maximum  of  the  cur\-e  is 

»  No  white  surroondiiis  6eld  was  used,  as  was  done  in  the  present  work. 
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shifted  to  the  blue  just  as  though  the  temperature  of  the  lamp 
had  been  higher  than  it  was  supposed  to  be,  thus  giving  rela- 
tively more  energy  in  the  blue  than  in  the  red.  In  other  words, 
the  energy  distribution  that  was  applied  to  the  measiurements 
may  have  been  too  low  in  the  blue  and  too  high  in  the  red.  Aside 
from  this  possible  cause  of  disagreement  in  the  visibility  curves, 
one  must  consider  also  the  total  number  of  subjects  examined. 
The  present  curve,  between  wave  lengths  0.49/^  and  0.69^1,  is 
based  upon  six  times  as  many  subjects  as  had  been  previously 
examined  for  establishing  the  average  visibility  cm^e.  Between 
wave  lengths  0.43/A  and  0.49/^  the  present  curve  is  based  upon 
from  30  to  36  observers  (only  one  observer,  W.  W.  C,  made 
measuremients  to  o.40iu)  and  beyond  0.69/^  it  is  based  upon  meas- 
urements made  by  39  observers.  In  the  violet  these  data  are 
somewhat  higher  than  observed  by  Nutting, ^^  and  in  the  red  they 
are  higher  than  the  values  published  by  Hyde  and  Fors3rthe.^® 
(See  Table  6.)  In  the  present  investigation  the  aim  has  been  to 
obtain  an  accurate  average  visibility  curve,  of  a  large  group  of  ob- 
servers, between  0.48/^  and  o.yoju.  Owing  to  stray  light,  the  ex- 
treme violet  end  of  the  spectrum  should  be  further  investigated ; 
eliminating  stray  light  by  means  of  absorption  screens  or  by  placing 
two  spectroscopes  in  series. 

TABLE  6 

Comparison  of  Different  Data  for  the  Red  End  of  the  Spectrum 


V/ave  lengths 

Coblentz 

and 
Emerson 

Hyde 

and 

Forsythe 

Nutting 

Ives 

Kdnig 

0.  620m 

220.0 

252.0 

227.0 

221.0 

189.0 

.630 

156.0 

154.0 

164.0 

156.0 

143.0 

.640 

100.0 

100.0 

100.0 

100.0 

100.0 

.650 

59.3 

58.0 

62.0 

59.0 

61.0 

.660 

33.2 

30.0 

34.0 

"39.0 

33.0 

.670 

17.4 

15.7 

IS.  6 

a  25.0 

15.0 

.680 
590 

9.2 
4.4 
2.06 
1.04 
50 

7  6 

8  0 

a  15  0 

3  8 

4  7 

700 

187 

I.3 

.71« 
720 

91 

45 

730 

.25 

.14 
.IO2 

22 

.740 
750 

111 

1 

05i 

.760 
.770 

.02a 

.014 

Extrapolated  values. 
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The  question  has  been  raised  as  to  whether  the  visibiUty  curve 
would  be  modified  by  using  Hght  stimuH  in  which  the  energy  dis- 
tribution is  normal,  e.  g. ,  using  a  grating  spectrum.  In  the  blue  the 
length  of  spectrum  (ui  wave  lengths)  comprised  within  a  given  slit 
width  is  only  one-fifth'*'^  that  included  in  the  same  slit  opening  when 
observations  were  made  in  the  red.  However,  in  either  case 
(prismatic  or  normal  spectrum)  the  retinal  impression  is  the  mean 
visibility  of  the  light  passing  through  the  slit,  and  in  order  to 
eliminate  this  effect  a  correction  is  applied  to  the  observed  visi- 
bility curve  as  already  described. 

As  a  result  of  an  extensive  investigation  of  the  transmission  of 
certahi  blue  and  yellow  solutions  as  determined  visually  and  by 
means  of  a  physical  photometer,  Ives  and  Kingsbury  ^^  concluded 
that  the  solution  of  salts  used  to  produce  a  transmission  curve 
which  coincides  with  the  visibility  curv^e  of  the  average  eye  would 
have  to  be  modified  so  as  to  produce  a  higher  transmission  in  the 
red  than  was  indicated  by  the  average  visibility  curv^es  of  Ives  and 
of  Nutting  then  at  hand.  The  data  pertaining  to  their  luminosity- 
curve  solution  (/  and  K)  are  plotted  in  Fig.  14.  It  is  interesting 
to  note  that  their  predicted  curve  coincides  very  closely  (especially 
in  the  red)  with  the  average  visibility  curve  obtained  in  the  present 
investigation. 

The  transmission  of  the  ocular  media,  especially  the  yellow  spot, 
is  highly  selective  in  the  blue  and  violet.  In  a  recent  communi- 
cation Troland^^  applied  a  correction  to  the  visibility  curves  pub- 
lished by  Nutting  in  order  to  eliminate  this  selective  absorption. 

This  correction  produces  a  very  symmetrical  curve.  Applying 
a  similar  correction  to  the  energy  measurements  in  order  to  elimi- 
nate this  selective  absorption,  the  present  average  visibility  curve 
is  changed  into  a  very  symmetrical  form,  as  indicated  by  the 
dotted  curve  in  Fig.  14.  The  uncorrected  curve  represents  the 
visibility  of  radiation  impinging  upon  the  average  eye,  no  attempt 
being  made  to  localize  the  effect  within  the  eye.  Correcting  for 
selective  absorption  traces  the  stimulus  to  the  retina,  and  this 
corrected  curve  represents  the  retinal  visibility  curve  of  the  average 
eye.  As  mentioned  by  Troland,  the  marked  symmetry  of  this 
(cone)  visibility  curve  leads  to  the  inference  that  luminosity  is  due 
to  a  single  photochemical  process  in  the  retina. 

As  already  mentioned,  the  present  visibility  curve  is  higher  in 
the  red  than  previously  observed,  but  it  is  in  agreement  with  what 
is  to  be  expected  by  other  tests.  Hence,  while  the  present  visi- 
bility curve,  as  a  whole,  disagrees  with  previous  determinations, 
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it  approaches  closely  (especially  in  the  red)  to  what  is  to  be  ex- 
pected as  the  result  of  other  tests  in  which  the  spectral  visibility 
of  radiation  is  indirectly  involved. 

VI.  SOME  PRACTICAL  APPLICATIONS  TO  RADIATION 

PROBLEMS 

It  is  important  to  obtain  a  mathematical  equation  of  the  ctirve 
of  the  relative  visibility  of  radiation  of  the  average  eye,  with  which 
equation  it  is  possible  to  relate  visual  sensation,  "light,"  with 
radiant  energy,  especially  with  the  energy  radiated  from  a  Mack 
body,  the  constants  of  which  are  fairly  well  established. 

1.  A  VISIBILITY  OF  RADIATION  EQUATION 

During  the  past  few  years  various  mathem^atical  equations  have 
been  proposed  by  Goldham^mer,^^  Hertzsprung,^^  Nutting,^^  and 
Kingsbury  ^^  to  express  the  visibility  of  radiation  of  the  average 
eye  as  a  function  of  an  equal-energy  spectrum.  V/hile  such  an 
equation  would  be  of  value  (i)  in  defining  the  visibility  curve, 
(2)  in  computing  radiant  efficiencies  and  the  mechanical  equiva- 
lent of  light,  etc.,  unfortunately,  in  the  present  state  of  our  knowl- 
edge of  the  processes  involved  in  visual  consciousness,  such  a 
mathematical  equation  must  necessarily  be  empirical. 

The  simple  visibility  equation 

V^  =  V^R-e^''-^'  (2) 

has  been  used  by  Goldhammer,^^  Nutting, ^^  and  others.  In  this 
equation  i^=X„iax-^X  and  the  parameter  Fm  is  the  ratio  of  the 
candle  or  lumen  to  the  watt  at  X  =Xmax.  As  used  by  Nutting  n  = 
181  and  Xin=o.555jLi.  In  order  to  fit  the  computed  curve  to  the 
observed  curve,  the  constants  used  in  the  present  work  are  Xm  = 
0.558JL1  and  ^  =  170.  This  gives  a  curve  which,  as  shown  in  Fig. 
15,  does  not  fit  the  observations  very  closely  except  in  the  yellow 
and  the  blue.  In  view  of  the  fact  that  there  were  no  indications 
that  such  a  simple  equation  could  fit  the  present  observations,  the 
three-term  formula  proposed  by  Kingsbury  ^^  was  modified  by 
changing  some  of  the  constants  and  adding  a  fourth  term.  The 
formula,  which  is  a  modification  of  equation  (2) ,  is : 

V^  =o.999(i?ig(^-R^))^°°  +o.035(i?2^(^-R^))4-  (3) 

+  o.i^o(Rse^'-'^'^)'°°°-{-o.oS4{R^e^'-'^*^y°°° 

In  this  formula  R,  =^p,  R,  =°f^,  R,  =^^°,  aiid  R,  =^- 
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A  fifth  term  /^5=o.58-^X,  and  a  large  exponent,  say,  n  =  5ooo, 
would  bring  exact  coincidence  between  the  observed  and  com- 
puted data  at  X  =0.58/1.  As  shown  in  Fig.  15  and  Table  7,  between 
the  wave  lengths  X=o.45/i  and  X=o.66jLt  the  observed  and  the 
computed  data  are  in  agreement  within  2  to  3  per  cent,  which  is 
about  as  accurate  as  the  visibility  observations,  including  the 
energ>^  measurements.  In  Table  7  the  second  column  gives  the 
computed  data  for  the  first  term  of  equation  (3)  and  the  sixth 
column  gives  the  summation  of  all  the  terms. 

TABLE  7 
Comparison  of  Observed  and  Computed  Data  Using  the  Modified  Kingsbury  Formula 


Wave  length  X 


First 
term  of 
equation 


Second 
term  of 
equation 


Third 
term  of 
eouation 


Fourth 
term  of 
equation 


Sum  of  all 


Observed 


A 
Per  cent 

from 
observed 


0.400. 
0.410. 
0.420. 
0.430. 
0.440. 
0.450. 
0.460. 
0.470. 
0.480. 
0.490. 
0.500. 
0.510. 
0.520. 
0.530. 
0.540. 
0.550. 
0.560. 
0.570, 
0.580. 
0.590. 
0.600 
0.610 
0.620 
0.630 
0.640 
0.650 
0.660 
0.670 
0.680 
0.690 
0.700 
0.710 
0.720 
0.730 
0.740 
0.750 


.000 

,000 

,000 

,001 

,003 

,008 

,022 

,050 

,103 

,189 

.311 

,463 

.632 

.791 

.916 

.987 

.994 

.939 

.839 

.708 

.567 

.434 

.318 

.223 

.151 

.098 

.0619 

.0379 

.0224 

.0130 

.0073 

.0040 

.0021 

.0011 

.0006 

.0003 


0.001 
.004 
.009 
.018 
.028 
.034 
.034 
.028 
.020 
.012 
.006 
.003 
.001 
.000 


0.000 
.OOOi 
.003 
.012 
.036 
.074 
.113 
.130 
.114 
.078 
.042 
.018 
.0063 
.0018 
.0004 
.0001 
.0000 


0.000 
.0006 
.007 
.036 
.077 
.077 
.038 
.010 
.001 
.000 


0.001 
.004 
.009 
.019 
.031 
.042 
.056 
.078 
.125 
.201 
.324 
.502 
.710 
.868 
.954 
.997 
.998 
.951 
.875 
.782 
.680 
.564 
.432 
.301 
.193 
.116 
.0682 
.0397 
.0228 
.0131 
.0073 
.0040 
.0021 
.0011 
.0006 
.0003 


0.010 
.017 
.024 
.029 
.033 
.041 
.056 
.083 
.125 
.194 
.316 
.503 
.710 
.862 
.954 
.994 
.998 
.968 
.898 
.800 
.687 
.557 
.427 
.302 
.194 
.115 
.0645 
.0338 
.0178 
.0085 
.0040 
.00203 
.00097 
.00048 
.00028 
.00020 


-  90.0 

-  76.0 

-  62.0 

-  34.0 

-  6.1 
+     2.4 

0.0 
-6.0 

0.0 
+  3.6 
+  2.5 
-0.2 

0.0 
+     0.7 

0.0 
+     0.3 

0.0 

-  1.8 

-  1.4 

-  2.2 

-  1.0 
+  1.3 
+  1.2 
-0.3 
-0.5 
+  0.9 
+  5.7 
+  17.4 
+  28.1 
+  54.2 
+  82.5 
+  97.0 
+  116.5 
+  129.0 
+  114.0 
+  50.0 
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2.  THE  MINIMUM  RADIATION  VISUALLY  PERCEPTIBLE 

Calculations  have  been  made  of  the  minimum  energy  required 
to  excite  the  retina  to  visual  perception.  Evidently  the  minimum 
energy  required  will  depend  upon  surrounding  conditions.  For 
example,  a  sixth-magnitude  star  is  considered  the  limit  of  vision 
in  viewing  stars.  When  the  eye  is  adapted  to  complete  darkness 
its  sensibility  is  much  greater  than  when  viewing  a  star. 

Assuming  that  a  sixth-magnitude  star  is  the  limit  of  visibility 
(at  sea  level)  of  the  central  retina  and  that  the  pupillary  opening 
is  3  mm  in  diameter,  Drude^^  calculated  that  the  eye  would  respond 
to  12  X  io~^  meter  candles,  i.  e.,  a  sixth-magnitude  star  is  as  bright 
as  a  Hefner  flame  at  1 1  000  meters.  The  total  radiation  ^®  from  a 
Hefner  flame  is  26  X  lO'^  g-cal.  per  cm^  per  second  (29  x  lO"^  for  a 
sperm  candle)  at  i  m.  The  radiant  luminous  efficiency  ^*  of  the 
sperm  candle  is  0.0024,  so  that  for  the  Hefner  flame  it  is  about 
0.0027.  This  gives  a  value  of  7  X  lO"^  g-cal.  (or  29  x  io~^  watt) 
per  cm  ^  per  second  for  the  luminous  energy  density  at  i  m.  For  a 
pupillary  opening  of  3  mm  and  a  candle  at  1 1  000  meters  the  light 
intercepted  by  the  eye  would  be  (29x10-^X0.07-^11  000^=) 
1.7  X  10-^^  watt  =  1.7  X  10-^  erg.  per  cm.^ 

The  sensitivity  of  the  eye  may  be  estimated  also  from  direct 
measurements  ^^  of  the  heat  from  stars.  The  calibration  of  the 
radiometer  was  i  mm  deflection  =  34  X  lO"^*  g-cal.  per  cm^  per 
minute  =  85.5  X  10-^^  watt  per  cm^  per  second.  The  sixth-mag- 
nitude stars  gave  deflections  of  0.5  mm  for  blue  stars  to  i  .5  mm  for 
red  stars  (say,  i  mm  on  an  average),  depending  upon  their  color. 
From  measurements  made  on  the  transmission  of  stellar  radiation 
through  a  cell  of  water  the  radiant  luminous  efiiciency  may  be  0.2 
(o.i  for  red  stars  to  0.4  for  blue  stars).  Hence,  the  luminous 
energy  intercepted  by  a  pupillary  opening  of  0.07  cm^  is  (85.5  X 
10-^^X0.2  X0.07  =)  1.2  X  10-^®  watt  or  1.2  X  10-^  erg.,  which  is  in 
agreement  with  the  preceding  computation. 

Another  method  of  estimating  the  minimum  radiation  which  is 
visually  perceptible  is  to  use  data  on  the  mechanical  equivalent  of 
light,  viz,  I  lumen  per  cm  2  =  1.6x10-^  watt  per  cm.^  A  pupil 
opening  of  3  mm  will  intercept  (0.07  X  1.6  X  10-''  =  )  i.i  X  lO"^  watt 
and  for  1.2X10-^  meter  candle  this  amounts  to  1.3X10"^°  watt 
or  1.3  X  10-^  erg. 

These  computations  show  the  extraordinary  sensibility  of  the 
eye  as  compared  with  a  radiometer,  which  had  to  be  combine^l 
with  a  3-foot  reflecting  mirror  in  order  to  attain  the  same  seiisi- 
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bility.^  The  ratio  of  the  area  of  the  mirror  to  the  radiometric 
receiver  was  i  to  7  000  000.  In  other  words,  the  eye  is  7  000  000 
times  as  sensitive  as  the  radiometer  receiver  used  two  years  ago 
to  measure  heat  from  stars.  Recent  improvements  in  the  radi- 
ometer ^^  reduce  this  value  to  about  300^000  as  sensitive  as  the  eye. 

As  a  further  illustration  of  the  extraordinary  sensibility  of  the 
eye,  the  above  calculations  show  that  it  responds  to  visually  per- 
ceptible energy  of  the  order  of  1.3  X  io~^^  watt  (3  X  lO"^^  g-cal.  per 
minute),  at  which  rate  it  would  take  60  million  years  to  raise  the 
temperature  of  i  gram  of  water  1°.^ 

Since  writing  this  paper  Dr.  Bums  has  called  our  attention  to  a 
very  interesting  paper  by  H.  D.  Curtis  ®^  on  the  limits  of  tmaided 
vision.  One  difficulty  of  making  the  test  of  star  visibility  is  in 
finding  the  position  of  the  star,  after  which  it  is  comparatively 
easy  to  recognize  it.  Another  difficulty  arises  from  the  fact  that 
the  background  of  the  sky  is  not  perfectly  dark.  Given  as  arti- 
ficial aids  the  direction  in  which  the  object  lies  and  the  screening 
off  of  the  light  of  the  sky  (by  looking  through  a  long  tube) ,  Curtis 
could  easily  see  stars  of  the  7.5  to  8.0  magnitude,  but  stars  of  the 
8.3  to  8.5  magnitude  were  seen  with  difficulty.  This  means  bright- 
nesses one-fifth  to  one-sixth  as  great  as  used  in  the  above  calcula- 
tions. The  pupillary  aperture  would  be  6  to  7  mm.  Using  these 
values,  the  above  computations  give  about  8  x  iq-^^  erg.,  which  is 
a  reasonable  estimate  of  the  sensibility  of  the  eye. 

VIII.  SUMMARY 

The  object  of  the  present  investigation  was  the  determination  of 
the  spectral  visibility  of  radiation  curv^e  of  the  average  eye,  as 
based  upon  a  large  group  of  observers.  The  total  number  of  per- 
sons subjected  to  test  was  130,  of  which  number  7  were  kno\^Tl  to 
be  color  blind. 

One  of  the  most  important  measurements  involved  in  the  work 
was  the  radiometric  evaluation  of  the  light  stimulus,  which  was  a 
cylindrical  acetylene  flame.  The  distribution  of  energy  in  the 
spectnun  of  the  acetylene  flame  was  determined  with  great  care. 

o  To  be  exact,  this  comparison  should  be  made  in  terms  of  the  "  light "  instead  of  the  total  radiation  from 
a  star.  Assuming  a  stellar  luminous  efficiency  of  20  per  cent,  it  would  require  a  7-foot  mirror  to  attain  the 
sensibilitj-  comparable  with  that  of  the  eye. 

b  Since  writing  the  above  section  of  this  f)aper  a  discussion  of  this  same  subject  has  been  published  by 
Ives.'s  He  used  a  more  probable  pupil  opening  of  6  mm  and  Russel's  ^  value  of  i  meter  candle=  — 14-18 
stellar  magnitude.  This  gives  a  somewhat  higher  value  than  the  above,  viz,  3.8X10"*  erg.  per  cm.'  Using 
a  6-mm  pupil  the  present  computations  would  be  increased  fovuiold. 

As  this  paper  goes  to  the  press,  a  paper  by  Russel  ^-  has  appeared  in  which  the  data  by  Ives  '  are  recalcu- 
lated on  the  basis  of  the  obser\'ations  of  star  visibility  by  Curtis  ^  and  recent  measurements  of  the  aperture 
(8.5  mm)  of  the  pupil  by  Stevenson."  His  calculations  of  7.7  x  10  '-^  erg.,  for  the  minimum  energy- percef>- 
tible.  is  in  agreement  with  the  present  calculations.  This  rate  of  energy  reception  by  the  eye  corresponds 
to  about  200  elementary  quanta  of  radiation  per  second,  or  i  g-cal.  in  1700  million  years. 
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The  spectral-energy  curve  determined  with  the  spectroradiometer 
used  in  the  present  investigation  was  found  in  agreement  with 
similar  measurements  made  with  two  other  instruments  of  an 
entirely  different  type  of  construction. 

The  methods  employed  in  obtaining  the  spectral-visibility  curve 
were  photometric.  The  complete  visibility  curve  extending  from 
0.46^1  to  o.74iit  was  determined  with  a  flicker  photometer  by  com- 
paring the  various  spectral  colors  with  a  standard  incandescent 
lamp.  Similar  measurements  were  made  at  live  points  in  the 
spectrum  using  the  equality-of- brightness  method  of  photometry, 
the  object  being  to  determine  whether  there  is  a  systematic  dif- 
ference in  the  measurements  made  by  these  two  methods  of  pho- 
tometry. 

It  was  found  that  the  various  observers  experienced  little  or  no 
difficulty  in  making  the  photometric  com^parisons  when  using  the 
flicker  photometer.  On  the  other  hand,  only  a  few  observers  were 
able  to  make  accurate  settings  with  the  equality-of-brightness 
photometer,  especially  in  the  blue  and  in  the  red.  This  difficulty 
of  forming  a  judgment  of  equality  of  brightness  which  is  not  influ- 
enced by  differences  in  color  seemed  to  be  aggravated  by  the 
feeling  that  such  a  comparison  had  no  meaning.  In  the  yellow 
(0.5876^)  about  as  many  observers  overestimated  as  underesti- 
mated in  making  the  equality-of-brightness  settings  as  compared 
with  the  flicker  photometer,  and  the  magnitude  of  these  varia- 
tions (o  to  50  per  cent)  were  within  reasonable  limits.  On  the 
other  hand,  when  comparing  less  saturated  colors,  in  the  blue  and 
in  the  red  ends  of  the  visible  spectrum,  a  greater  number  of  observ- 
ers overestimated  than  underestimated  their  equality-of-bright- 
ness settings.  Furthermore,  the  magnitude  of  this  overestima- 
tion  varied  from  5  to  500  per  cent.  For  the  same  observer  these 
measurements  varied  greatly  from  day  to  day,  whereas  his  flicker 
measurements  were  repeated  to  within  several  per  cent.  Because 
of  these  erratic  settings  the  data  do  not  appear  to  be  convincing 
evidence  that  the  visibility  cm-ve  determined  with  the  equality- 
of-brightness  photometer  differs  from  the  visibility  curve  obtained 
with  the  flicker  photometer. 

From  the  data  obtained  on  14  observers  above  40  years  of  age, 
it  appears  that  age  has  a  perceptible  effect  upon  the  spectral- 
visibility  curve. 

The  same  visibility  curves  were  obtained  for  the  right  and  left 
eye  of  a  given  observer. 
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The  spectral-visibility  cur\'es  of  no  two  persons  appear  to  be 
exactly  alike,  although  there  are  some  which  are  closely  alike. 
\\lien  a  spectral-visibility  cur\^e  does  not  coincide  with  the  aver- 
age, there  is  usually  a  marked  departure  from  the  average  visibility 
in  a  given  spectral  region.  This  gives  rise  to  (i)  wide  visibility 
curves  with  the  maximum  shifted  toward  the  red,  i.  e.,  "red  sensi- 
tive," (2)  narrow  curves  with  a  sharp  maximum  in  the  green,  and 
(3)  curves  with  the  maximum  shifted  tov/ard  the  violet.  A 
fourth  group  of  observers  has  the  average  visibility  in  the  red  and 
yellow,  but  has  a  low  sensibility  in  the  blue,  while  a  fifth  group  has 
the  average  sensibility  in  the  blue  but  has  a  low  sensibility  in 
either  the  yellow  or  the  red  or  throughout  this  entire  region  of  the 
spectrum. 

The  data  available  indicate  that  60  per  cent  of  the  cases  exam- 
ined fall  into  tliree  quite  evenly  divided  groups  (i.  e.,  20  per  cent 
roughly  estimated,  in  each  group)  which  are  either  (i)  red  sensi- 
tive, (2)  blue  sensitive,  or  (3)  average.  Similarly,  30  per  cent  of 
the  cases  examined  are  quite  evenly  divided  into  three  groups 
which  fall  below  the  average  sensibility  in  either  (i)  the  red,  (2) 
in  the  blue,  or  (3)  in  both  the  red  and  the  blue,  thus  giving  rise  to 
an  apparently  high  sensibility  in  the  green.  One  person  in  about 
20  has  a  very  wide  visibility  curve  as  compared  with  the  average. 

The  point  of  maximum  visibility  is  \ery  different  for  different 
observ^ers.  The  maximum  visibility  of  the  average  of  125  subjects 
is  at  X  =0.5576)11.  Correcting  the  visibility  curve  of  the  average 
eye  for  selective  transmission  of  the  ocular  media  including  the 
yellow  spot,  produces  a  quite  symmetrical  curve  with  a  maximum 
X  =0.556/*. 

The  present  results  are  in  agreement  with  previous  conclusions 
that  the  effect  of  a  light  stimulus  upon  the  color  sense  is  quite 
independent  of  its  effect  upon  the  brightness  sense.  Subjects 
v/ere  found  who  were  normal  w4th  respect  to  color  sensation,  but 
who  were  abnormally  sensitive  to  brightness  sensation.  The 
abnormal  color  sense  of  so-called  color-blind  subjects  is  associated 
with  an  abnormal  visibility  curve. 

Tabulated  data  are  given  of  the  visibility  of  radiation  of  the 
average  eye  as  a  function  of  an  equal-energy  spectrum.  A 
mathematical  equation  is  given  of  the  average  visibility  curve. 

Calculations  are  given  showing  that  the  eye  responds  to  light 
having  an  intensity  of  less  than  8  X  lO"^^  watt,  or  8  X  lO"^^  erg. 

Washington,  October  16,  1916. 
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APPENDIX  1.— ON  DIFFUSE  LIGHT  AND  SPECTRAL-ENERGY 
MEASUREMENTS 

During  the  past  lo  years  repeated  attempts  have  been  made  to  measure  the  scat- 
tered light  superposed  upon  the  spectrum  under  investigation.  The  invariable 
result  was  to  find  that,  provided  proper  precautions  had  been  taken  to  prevent  reflec- 
tion of  the  ends  of  the  spectrum  from  the  sides  of  the  telescope  tube  and  thence  upon 
the  radiometer,  the  effect  of  scattered  radiations  ("field  light")  upon  the  spectral- 
radiation  measurements  was  quite  uniform  and  neglible  «  in  the  visible  spectrum. 

When  using  a  mirror  spectrometer,  one  test  was  to  attempt  to  measure  the  energy 
in  the  spectrum  at  0.32/x,  where  the  reflecting  power  of  silver  is  practically  zero. 
Hence  the  energy  measured  at  this  point  in  the  spectrum  is  due  to  diffuse  radiation. 
Another  test  was  to  attempt  to  measure  the  residual  energy  in  the  yellow  and  green 
part  of  the  spectrum  after  transmission  through  Schott's  red  glass,  which  is  com- 
pletely opaque  to  these  radiations.  The  results  of  these  tests  indicated  that  the  cor- 
rection for  stray  light  in  the  region  from  the  violet  to  the  red  was  less  than  i  part  in  300. 

In  view  of  the  fact  that  the  crucial  part  of  the  present  investigation  has  been  the 
energy  measurements,  this  question  was  recently  investigated  anew  in  order  to  estab- 
lish beyond  all  reaonable  doubt  the  acciuracy  of  the  radiometric  evaluation  of  the 
light  stimulus. 

Before  describing  the  present  tests  for  diffuse  light,  it  is  of  interest  to  describe  the 
construction  of  the  radiometric  attachment  to  the  spectroscope  used  in  the  present 
investigation. 

Until  very  recently  the  spectroscopes  obtained  on  the  market  were  not  properly 
constructed  to  prevent  light  from  being  reflected  from  the  side  of  the  telescope  tube 
and  from  the  beveled  edges  of  the  slit  jaws. 

In  the  present  instrument  the  knife-edge  jaws  which  form  the  slit  are  placed  with 
the  flat  side  toward  the  incident  light.  &  The  knife  edge  is  curved  to  fit  the  image  of 
the  slit  of  the  coUimating  telescope.  These  slits  and  the  inside  of  the  tube  are  painted 
with  lampblack,  after  which  the  knife  edges  are  wiped  smooth  with  a  thin  wedge  of 
wood.  The  inside  of  the  telescope  tube  was  entirely  free  from  springs  and  attach- 
ments to  the  slits  such  as  are  to  be  found  in  some  instruments.  The  radiometer  end 
of  the  telescope  tube  was  about  3  cm  in  diameter.  Hence,  when  used  without  dia- 
phragms, one  end  of  the  spectrum  falls  upon  the  side  of  the  tube  when  the  other  end 
is  on  the  slit.  When  the  blue  end  of  the  spectrum  was  on  the  slit,  enough  red  light 
was  reflected  from  the  side  of  the  tube  into  the  radiometer  slit  to  increase  the  true 
value  in  the  blue  by  5  to  50  per  cent. 

Suitable  diaphragms  gradually  decreasing  in  opening  as  they  approached  the  slit 
prevented  reflections  from  the  side  of  the  telescope  tube.  These  diaphragms  were 
painted  with  lampblack  (reflecting  power  3  per  cent),  then  smoked  by  holding  them 
in  the  flame  of  a  sperm  candle.  The  diffuse  reflecting  power  of  soot  deposited  by 
holding  the  plate  in  the  candle  flame  is  very  small — as  low  as  0.5  per  cent.c 

o  Coblentz,  this  Bulletin.  10,  p.  53;  1913- 

ftCoblentz,  Journal  Franklin  Institute,  175,  p.  151;  1913. 

c  Coblentz.  this  Bulletin,  9,  p.  301;  1913. 
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This  manner  of  construction  of  the  receiver  end  of  a  spectroradiometer  has  been 
employed  for  a  number  of  years,  thus  eliminating  the  possibility  of  reflection  from  the 
side  of  the  telescope  tube  «  and  hence  reducing  the  scattered  light  to  the  unavoidable 
"field  light",  which  comes  from  the  prism  and  lenses.  In  certain  kind  of  investi- 
gations (e.  g.,  transmission  spectra)  this  field  light  can  be  reduced  by  inserting  absorp- 
tion screens.  In  very  exact  measurements  of  spectral-energy  distributions  it  would 
be  more  practicable  to  use  two  spectroscopes  in  series. 

The  diffuse  light  in  the  spectroscope  used  in  the  foregoing  investigation  was  deter- 
mined by  measuring  (with  a  thermopile)  the  transmission  through  a  sample  of  Schott's 
"monochromatic"  red  glass  (No.  2745;  thickness=3.5  mm),  which  is  opaque  to 
radiation  of  wave  lengths  less  than  0.611. 

In  the  first  determination  of  the  transmission  of  red  glass  the  source  of  light  was  the 
acetylene  flame  used  in  the  visibility  measurements.  At  X=o.6o4m,  where  this  glass 
is  not  entirely  opaque,  the  transmission  was  about  0.6  per  cent,  but  throughout  the 
remainder  of  the  spectrum  from  the  yellow  (\=o.5876,a)  to  the  blue  no  radiation 
transmitted  through  the  red  glass  could  be  detected.  The  sensitivity  of  the  thermo- 
pile and  meteorological  conditions  were  such  that  a  deflection  of  i  part  in  130  could 
have  been  detected. 

In  the  second  determination  of  the  diffuse  radiation  transmitted  through  this  red 
glass  the  source  of  radiation  was  a  Nemst  glower.  The  intensity  in  the  yellow  was 
more  than  30  times  as  great  as  in  the  acetylene  flame.  The  amount  of  diffuse  radia- 
tion varied  quite  uniformly  from  3.8  per  cent  at  0.59^  to  6  per  cent  at  0.50M,  and  from 
this  point  the  transmission  increased  rapidly  to  18  per  cent  at  0.42JU.  This  result  was 
at  variance  with  all  previous  tests,  and  in  view  of  the  fact  that  the  Nemst  glower  has 
far  more  infra-red  radiation  than  the  acetylene  flame  in  the  region  of  the  spectrum  & 
from  o.']^l  to  2^1  it  was  evident  that  the  diffuse  radiation  was  chiefly  infra-red  radiation. 

This  test,  therefore,  was  repeated,  using  a  i-cm  cell  of  a  3  per  cent  solution  of  cupric 
chloride  in  addition  to  the  red  glass.  The  cupric-chloride  solution  is  practically 
opaque  to  the  infra-red  c  beyond  o.8,a  and  has  a  high  transmission  throughout  the 
visible  spectrum. 

Using  this  combination  to  eliminate  the  infra-red  radiations,  the  transmission 
was  found  to  be  about  0.5  per  cent  at  0.604M,  as  observ-ed  with  the  acetylene  flame. 
At  X=o.5876/i  the  transmission  (which  is  due  entirely  to  diffuse  radiation)  was  found 
to  be  0.3  to  0.4  per  cent,  while  at  0.50/i  the  (transmission)  diffuse  radiation  amounted 
to  0.1  to  0.2  per  cent.  At  this  point  the  total  deflection  was  102  mm  and  the  readings 
could  be  made  to  o.i  to  0.2  mm;  i.  e.,  the  observations  were  read  to  i  to  2  parts  in 
1000.  At  0.45M  the  diffuse  radiation  was  of  the  order  of  i  part  in  300.  The  test  with 
the  Nemst  glower  is,  therefore,  in  entire  agreement  with  that  on  the  acetylene  flame, 
showing  that  the  radiometric  correction  for  diffuse  radiation  (which  is  also  of  low 
visibility)  is  entirely  negligible  in  this  work. 

As  used  in  the  visibility  measurements  the  diffuse  light  was  even  less  than  observed 
in  these  tests.  This  is  due  to  the  selection  of  the  part  of  the  optical  system  which 
showed  the  least  diffuse  light  and  the  "ghost"  spectra  visible  along  the  axis  of  the 
lenses.  In  view  of  these  facts  the  data,  uncorrected  radiometrically  for  diffuse  reflec- 
tion, are  published  as  given  in  the  foregoing  pages. 

As  already  mentioned,  the  difference  between  the  visibility  curve  obtained  by 
Nutting  and  the  one  obtained  in  the  present  work  seems  to  be  due  chiefly  to  the 

a  Ives,  Phys.  Rev. ,6,  p.  339,  1915,  and  Souder,  Phys.  Rev.,  8,  p.  310,  1916,  comment  on  the  great  amount 
of  diffuse  light  which  vitiated  their  spectral-radiation  measurements  in  the  blue.  Nothing  is  mentioned, 
however,  concerning  the  provision  of  diaphragms  to  prevent  reflection  of  the  spectrum  from  the  side  erf 
the  telescope  tube. 

*>  Coblentz,  this  Bulletin.  7.  p.  265;  1911.  The  present  investigation  differed  from  the  previous  ones 
in  that  a  Zeiss  uncemented  triple  achromatic  lens  was  used  to  focus  an  image  of  the  flame  or  the  glower 
on  the  spectrometer  slit. 

f  Coblentz.  This  Bulletin.  7,  p.  655;  1911;  9,  p.  no.  1912. 
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difference  in  our  determinations  of  the  distribution  of  energy  in  the  spectrum  of  the 
acetylene  flame,  especially  in  the  region  of  0.59M  to  0.72^6.  The  spectral-energy 
measurements,  therefore,  were  verified  once  more  before  publishing  these  data.  In 
the  first  series  of  measurements  the  spectral-energy  curve  was  found  to  coincide 
within  I  per  cent  with  the  previous  measurements  in  the  spectrum  from  o.d/x  to  0.72/i. 
To  make  this  test  more  crucial,  the  work  was  repeated  by  concentrating  our  efforts 
upon  measurements  at  two  seleeted  points  in  the  spectrum.  At  the  first  point, 
X=o.6o4ju,  the  energy  curves  used  by  Nutting  and  by  the  writers  are  in  close  coinci- 
dence, while  at  \=o.'ji'jiJt.  the  energy  curve  used  by  Nutting  is  from  12  to  14  per  cent 
higher  than  the  curve  used  in  the  present  work.  The  ratio  of  the  spectral  radiation 
atX=o.7i7A6to  the  radiation  at  X=o.6o4m  should  be  3.75  to  3.8  if  the  former  curve  is 
correct.  On  the  other  hand,  the  energy  curve  used  in  the  present  investigation 
indicates  this  ratio  to  be  3.36  to  3.39.  Accordingly,  a  day  was  spent  in  making  meas- 
urements on  this  ratio.  By  so  doing,  the  slow  change  in  galvanometer  sensitivity 
which  ocurs  when  determining  the  complete  spectrum  was  eliminated.  In  all,  six 
sets  of  measurements,  involving  236  readings,  were  made.  The  mean  value  of  the 
six  sets  was  (3.38,  3.32,  3.41,  3.43,  3-35>  3-36)3.37,  which  indicates  an  exact  agreement 
of  the  present  energy  measurements  with  our  previous  determinations.  The  most 
crucial  part  of  the  present  investigation  has  been  verified  after  a  lapse  of  almost  a  year, 
and  hence  there  appears  to  be  no  reason  for  further  withholding  these  data  from 
publication. 

Washington,  November  21,  19 16. 

APPENDED   2.— A    SCREEN   WHICH   TRANSMITS    RADIATIONS    PROPOR- 
TIONAL TO  THE  AVERAGE  VISIBILITY  CURVE  a 

In  certain  investigations  it  is  often  desirable  to  use  a  screen  which  is  opaque  to  all 
the  infra-red  and  ultra-violet  radiations  and  which  transmits  the  visible  radiations  in 
proportion  to  the  visibility  curve  of  the  average  eye.  Such  a  screen  would  be  espe- 
cially useful  in  a  physical  photometer,  in  radiant  luminous-efficiency  measurements, 
etc. 

The  transmission  of  light  through  a  solution  of  certain  inorganic  salts  in  water 
forms  a  convenient  and  quite  accurate  copy  of  the  visibility  curve  of  the  average 
eye.  Various  combinations  of  salts  have  been  proposed,  the  most  recent  being  by 
Ives  and  Kingsbury. &  As  already  mentioned,  the  concentration  of  salts  recommended 
by  these  two  investigators  gives  a  transmission  curve  which  coincides  very  closely 
with  the  visibility  curve  of  the  average  eye  except  in  the  green.  The  object  of  the 
present  paper  is  to  describe  a  modification  of  the  above  solution  vv^hich  gives  a  trans- 
mission screen  which  coincides  more  closely  with  the  visibility  curve  of  the  average 
eye.     The  lack  of  coincidence  in  the  blue  is  of  minor  importance. 

This  solution  has  the  following  composition : 

Cupric  chloride  (CUCI2.2H2O) grams.  .       5.  7 

Cobalt  ammonium  sulphate  [Co(NH4)2(SO4)2.6H20] do. . . .       i,  2 

Potassium  chromate  (K2Cr04) do ...  .       o.  16 

Nitric  acid  (HNO3) do ...  .       o.  123 

Water  (HgO) mols  (cc) . .  100 

The  salts  were  analyzed  for  piu-ity.  The  nitric  acid  is  expressed  as  100  per  cent 
acid  (equivalent  to  1.3  cc  nitric  acid,  specific  gravity  1.05  at  i5°/4°). 

This  solution  is  to  be  used  in  a  glass  cell  i  cm  in  thickness  with  uncolored  glass 
windows.     An  additional  cell  of  water  3  to  4  cm  in  thickness  is  to  be  used  to  absorb 

o  These  data  were  obtained  in  collaboration  with  Mr.  A.  N.  Finn  of  the  chemical  division,  who  prepared 
the  solutions,  and  Mr.  H.  J.  McNichoIas,  who  made  the  spectrophotometric  settings. 
f>  Ives  and  Kingsbury,  Phy.  Rev.,  (2)  6,  p.  319,  1915. 
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the  infra-red  rays.a  To  reduce  reflection  losses  tliese  two  cells  may  be  placed  in 
contact  with  a  film  of  glycerin  intervening,  the  edges  being  covered  with  parafiin. 
The  maximum  transmission  of  this  (double)  cell  was  found  to  be  61  per  cent  at  20°  C. 
The  transmission  of  the  separate  constituents  was  determined,  and  from  this  the 
proper  concentrations  for  matching  the  visibility  curve  were  estimated.  In  view  of 
the  fact  that  the  "computed"  and  "observed"  transmissions  at  20°  C.  are  in  exact 
agreement  for  the  mixture  of  the  salts  (see  Fig.  16)  they  can  be  used  in  a  single  cell, 
although  one  would  naturally  expect  to  use  the  constituents  in  separate  cells.  The 
visibility  curve  is  1.2  per  cent  larger  than  the  superposed  (at  0.56^1)  transmission 
curve  of  the  screen  between  X=o.44/x  and  \=o.'j2fi. 

Washington,  January  9,  1917. 
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Fig.  i6. — Comparison  oj average  visibility  curve  with  that  of  the  proposed  trans- 
mission screen 


APPENDIX  3.— TEST  OF  A  PHYSICAL  PHOTOMETER 

As  already  mentioned  in  the  beginning  of  this  paper,  an  important  application  of 
the  visibility  data  is  in  physical  photometry-. &  In  a  previous  investigation  of  a  phys- 
ical photometer  it  was  found  that  very  satisfactory'  results  could  be  obtained.  ^  It 
was,  therefore,  of  interest  to  repeat  the  test,  using  the  luminosity  screen  described  in 
Appendix  2.  In  view  of  the  fact* that  the  linear  thermopile  which  was  used  in  the 
present  test  was  exposed  to  the  air,  conditions  were  not  as  favorable  as  in  the  previous 
experiments.  However,  the  data  obtained  indicate  that  with  this  instrument  accu- 
rate measurements  can  be  easily  and  quickly  made.  The  present  test  was  made 
upon  a  standard  vacuum  tungsten  lamp  obtained  from  the  photometry  division  of 
this  Bureau.  The  lamp  was  operated  at  the  currents  specified  to  give  1.02  and  1.23 
watts  per  candle,  respectively,  under  which  conditions  the  ratio  of  the  luminous 
intensities  (candlepowers  <i)  was  =1.405. 

In  the  first  series  of  measurements  of  these  intensities,  determined  radiometrically, 
the  maximum  galvanometer  deflection  was  only  15  mm  and  the  ratio  was  =1.418,  or 

o  This  Bulletin.  7.  p.  635.  19";  9.  P-  no,  1912;  Journal  Franklin  Inst..  180.  p.  355;  1915. 

f>  Ives.  Trans.  Ilium.  Eng.  Soc..  10,  p.  loi,  191s;  Ives  and  Kingsbury.  Phys.  Rev..  7,  p.  319;  1915. 

«Coblentz,  Jour.  Franklin  Inst.,  180.  p.  355;  181,  p.  333:  1916. 

*  In  accordance  with  the  MiddlekaufiF-Skogland  equation,  this  Bulletin,  11,  p.  483,  1915. 
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a  difference  of  i  per  cent,  which  is  smaller  than  the  errors  of  observation.  In  the 
second  series  of  measurements,  made  some  hours  later  with  the  lamp  closer  to  the 
thermopile  (maximum  deflection  450  mm)  and  with  more  favorable  meteorological 
conditions,  the  ratio  of  the  radiometric  intensities  was  =1.401.  This  is  a  difference 
of  only  0.3  per  cent  between  the  photometric  and  the  radiometric  determinations. 
Using  a  vacuum  thermopile  the  galvanometer  reading  would  have  been  steadier  and 
a  higher  precision  would  have  been  attainable. 

Washington,  January  24,  1917. 

APPENDIX  4.— ON  COLOR  PERCEPTION  VERSUS  BRIGHTNESS 

PERCEPTION 

As  already  mentioned  in  the  main  part  of  this  paper,  an  abnormal  color  sense  is 
associated  with  an  abnormal  brightness-sensibility  curve,  but  the  converse  does  not 
seem  to  be  true.     While,  of  course,  many  subjects  must  be  tested  in  order  to  thoroughly 
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. — Curve  illustrating  abnormal  color  sense  as  compared  with  brightness  sense 


establish  this  fact,  it  is  of  interest  to  record  further  data  on  the  color  vison  of  one  sub- 
ject (W.  F.  M.),  who  is  abnormally  sensitive  in  the  red,  but  who  shows  no  signs  of 
color  blindness  by  the  most  crucial  tests  thus  far  used.'' 

In  the  present  examination  for  color  blindness  each  eye  was  examined  separately, 
the  other  being  blindfolded.  The  first  test  made  with  the  Stilling  and  the  Nagel 
color  cards  gave  no  indications  of  color  blindness. 

The  second  test  was  one  devised  by  Drs.  Dunlap  and  Loring,  who  consider  it  better 
than  the  Holmgren  yam  test.  This  test  consists  in  classifying  a  large  number  of 
yams  with  a  set  of  11  yams  (red,  yellow,  green,  blue,  blue-purple,  gray,  pink,  brown, 
green-blue,  red-purple,  and  yellow-green)  of  low  color  saturation.  The  subject 
showed  no  color  confusion  in  making  this  classification. 

a  These  tests  were  made  in  the  psychological  laboratory  of  John  Hopkins  University.  The  writers 
wish  to  acknowledge  their  indebtedness  to  Drs.  Dunlap  and  Loring  for  their  courtesy  in  making  these 
tests. 
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In  the  perimeter  test  (not  completed)  nothing  unusual  was  found  in  the  color  percep- 
tion of  tlie  peripheral  retina. 

In  the  spectrometer  test  the  subject  named  the  colors  correctly  throughout  the 
spectrum. 

In  tlie  tobacco-scotoma  test,  the  fovea  was  explored  with  a  colored  object  (red  or 
green)  17  mm.  in  diameter,  at  a  distance  of  3  meters.  There  were  no  indications  of 
a  color-blind  spot  in  the  fovea. 

From  this  brief  summary  of  the  results  of  the  tests  for  color  blindness  it  is  quite 
evident  that  the  color  sense  of  this  subject  is  quite  different  from  that  of  other  subjects 
who  showed  color  blindness  when  examined  by  much  simpler  tests,  e.  g.,  the  Nagel 
color-card  test. 

The  scn^bility  curves  of  these  two  types  of  color  perception  are  given  in  Fig.  17. 
This  is  an'  excellent  illustration  of  abnormal  color  sense  accompanied  by  abnormal 
brightness  sense,  and  the  converse  example,  which  shows  that  abnormal  brightness 
sensibility  does  not  necessarily  indicate  abnormal  color  perception. 

Washington,  March  10,  1917. 
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